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Abstract 
In the field of microfluidics, significant research effort has focused on developing integrated 
multifunctional devices which incorporate multiple fluidic, electronic, and mechanical 
components and chemical processes onto a small chip.  Since the inception of these devices, a 
trend towards increased integration and system complexity has led to the development of highly 
integrated microchemical systems for a broad range of applications.  In recent years, polymers 
have assumed a leading role as substrate materials for these integrated devices (Chapter 1).  
Polymers have a wide range of material properties, such as mechanical strength, optical 
transparency, chemical stability, and biocompatibility, which can be tailored to specific 
applications.  However, to achieve widespread commercialization of these devices, 
manufacturing techniques must be advanced in parallel with analytical capabilities.  This 
dissertation addresses this challenge by developing manufacturing technologies for two 
applications: (i) laminar flow-based fuel cells (LFFCs) and (ii) electrohydrodynamic-jet (e-jet) 
printing.   
Most LFFCs presented to date have been proof-of-concept unit cells that are not 
commercially viable for portable electronic applications.  Transitioning from proof-of-concept, 
single-channel cells to a commercial multichannel system is a present challenge, and this 
dissertation will address manufacturing technologies to support this transition.  This dissertation 
reports on the design and manufacture of a lightweight, all-polymer LFFC as an alternative to the 
heavy clamping constructions traditionally used for fuel cell stacks (Chapter 2).  
Characterization of this all-polymer LFFC addresses individual electrode performance before 
and after polymer encapsulation, by using a novel half-polymer, half-microfluidic fuel cell 
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platform.  After fabrication of a complete all-polymer fuel cell, performance is investigated as a 
function of cell operating parameters (Chapter 3).   
Fuel cell electrodes are traditionally fabricated by hand-painting or spray painting a catalyst 
ink onto a gas diffusion electrode or membrane, however electrodes prepared via these 
techniques do not always have a uniform distribution of catalyst.  Recently, e-jet printing has 
been developed as a method to deposit a variety of chemical / biological materials with excellent 
precision for various applications in electronics, biotechnology, and microelectromechanical 
systems.  Here, this dissertation will demonstrate e-jet deposition of fuel cell catalysts as a 
technique for achieving uniform catalyst distribution on microelectrodes (Chapter 4).  E-jet has 
typically been performed using single capillaries as the fluid carrier however, printing speeds are 
rather slow and printing different inks requires syringe changes and realignment.  To increase 
throughput, an integrated printing toolbit consisting of an array of three individually addressable 
e-jet nozzles will also be demonstrated (Chapter 5). 
Looking forward, these studies will further the development of manufacturing technologies 
for integrated microfluidic devices; a critical step in the commercial advancement of microfluidic 
platforms for a wide range of applications. 
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Chapter 1 
Introduction 
1.1 Overview of Integrated Microchemical Systems 
 The concept of a miniaturized total chemical analysis system (μTAS) was proposed by Manz 
et al. in 1990 as a way to incorporate many of the necessary components of a typical room-sized 
laboratory on to a small chip [1].  Originally, the most significant benefit of these microsystems 
was thought to be the analytical improvements associated with the smaller dimensions [2].  
However, further research revealed other significant advantages, including: minimized 
consumption of reagents, increased automation, and reduced manufacturing costs [3].  Since 
their inception, a trend towards increased integration and system complexity has led to the 
development of highly integrated microchemical systems (also referred to as labs-on-a-chip or 
integrated microfluidic devices) for a broad range of applications.  Examples can be found in the 
fields of genetic analysis [4-5], cell handling [6], drug discovery [7-8], combinatorial chemistry 
[9], fuel processing [10], and point-of-care medical diagnostics [11], just to name a few.  As this 
field continues to advance, a need exists for manufacturing technologies to bridge the gap 
between the methods and materials used in the academic environment and the methods used in 
the manufacturing of commercial products. 
1.2 Manufacturing Integrated Microchemical Systems 
 Since the introduction of integrated microchemical systems, glass and silicon have been the 
most commonly employed substrate materials.  This tendency was primarily driven by the 
semiconductor industry and its well-established fabrication methods for these materials.  
However, in more recent years, the field has begun to shift towards the use of polymers [12].  
2 
 
Initially, this shift was brought about by the development of soft lithography in 
poly(dimethylsiloxane), or PDMS, as a method for fabricating prototype devices [13-14].  The 
simplicity and robustness of soft lithography enabled scientists from all backgrounds to test new 
ideas without needing high technology facilities.  Prototype devices can be fabricated in PDMS 
in a much shorter time period (typically less than 2 days from design to working device) than 
that which can be achieved in traditional silicon technology (typically, for non-specialists, a 
month or more).  To this day, one of the biggest disadvantages of using glass and silicon is the 
extensive need for multistep fabrication [15].  Fabrication of glass and silicon devices requires 
many steps (cleaning, resist coating, photolithography, development, wet etching) and more 
harmful wet chemistry (hydrofluoric acid) than polymer-based fabrication. 
 Glass and silicon devices also have limitations in geometries that can be achieved due to the 
isotropic nature of etching these materials.  In glass substrates, isotropic wet etching creates 
shallow, semicircular channel cross sections (Figure 1.1, [16]), and for many applications, other 
channel cross sections are desirable, including: high aspect ratio square channels, channels with a 
defined but arbitrary wall angle, or channels with different heights [16-17].  A larger variety of 
 
Figure 1.1.  (a) Schematic of isotropic wet etching of glass. (b) SEM image of microchannels created by wet 
etching of glass.  For many applications, these semicircular channels are not desirable, however, alternative channel 
geometries are can be achieved with polymer substrates. Reprinted from Journal of Micromechanics and 
Microengineering, 17, P. Abgrall, A. M. Gue, Lab-on-chip technologies: Making a microfluidic network and 
coupling it into a complete microsystem - A review, R15-R49, 2007 with permission from Elsevier. 
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channel geometries are possible in silicon, as deep reactive ion etching can be used to produce 
channels with a high aspect ratio, but costs per unit substrate can be significant.  In comparison,  
polymer processing techniques offer more flexibility with respect to geometries that can be 
achieved, including curved, vertical, or V-groove cross-sections, high aspect ratio square 
channels, channels with a defined but arbitrary wall angle, or channels with different heights 
[17].  In addition, there are a wide range of manufacturing methods for polymers [12,15,17-18].  
 Owing to its low cost and easy handling, PDMS has become the primary material for low-
volume manufacturing of microfluidic devices, but other polymers are gaining attention as well 
[19-22].  In general, polymers have a wide range of material properties, such as mechanical 
strength, optical transparency, chemical stability, and biocompatibility, which can be tailored to 
specific applications [23-24].  For example, in the presence of many common organic solvents, 
PDMS will swell [25], but thermosetting polymers, such as polyimide, can be utilized for their 
chemical resistance to organic solvents.  Due to the wide range of properties, an ideal polymer 
can be found for any specific microfluidic application.   
 As a substrate material in general, polymers are almost always cheaper than glass or silicon.  
In addition, sealing of polymer microchannels is generally much simpler than sealing of silicon 
or glass channels [12].  Consequently, polymer substrates can overcome the planarity of glass 
and silicon devices to enable three-dimensional geometries.  While the use of polymers has many 
advantages over glass and silicon, they have several disadvantages that should be mentioned.  
The optical transparency of polymers is better than silicon, but not as good as glass.  
Additionally, polymers tend to have a more limited range of operational temperatures, due to a 
relatively low glass-transition temperature, in comparison to glass. 
 To date, glass and silicon are still principal materials in microfluidic devices [26], but 
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polymers are taking a leading role especially in the manufacturing of integrated microchemical 
systems.  The use of polymers in micromanufacturing opens up many new prospects in terms of 
cost and integration by making materials with a very wide variety of properties accessible.  
Looking forward, Whitesides suggests that the development of technology for manufacturing 
microfluidic devices is crucial to the commercial advancement of microfluidic platforms for a 
variety of applications [27]. 
1.3 Overview of Laminar Flow-based Fuel Cells 
 Fuel cells have been investigated as efficient high energy density power sources for a wide 
range of energy conversion applications [28-32].  While combustion engines utilize two energy 
conversion steps: chemical energy to thermal energy to mechanical energy, fuel cells convert 
chemical energy directly to electrical energy.  One of the most developed fuel cell technologies 
is the hydrogen-fueled polymer electrolyte membrane fuel cell (PEMFC).  These fuel cells have 
been successfully demonstrated in stationary, space, and automotive applications [28].  In a 
hydrogen fuel cell, as depicted in Figure 1.2 [33], hydrogen gas is oxidized at the anode to 
produce protons and electrons.  Protons travel through a conductive polymeric membrane, which 
also functions to separate the anode and cathode of the fuel cell, while electrons travel through 
an external circuit to power a load.  At the cathode, oxygen gas reacts with the anode-generated 
protons and electrons to produce water.  DuPont’s Nafion is the most widely used polymeric 
membrane, however recent efforts have explored alternatives to Nafion [34]. 
 While hydrogen-fueled PEMFCs are relatively well-developed, for portable applications, 
liquid fuels (i.e., methanol, ethanol, formic acid) are easier to store and transport than hydrogen, 
and they have much higher energy densities per weight and volume.  Nafion membrane-based 
direct methanol fuel cells (DMFCs) [35-40] and direct formic acid fuel cells (DFAFCs) [41-42] 
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have been the most extensively researched for portable applications.  While DMFCs and 
DFAFCs have experienced moderate success in niche applications, the performance of 
membrane-based fuel cells is often limited by membrane-related issues, mainly water 
management (electrode dry-out / flooding) and fuel crossover.  In PEMFCs, anode dry-out 
occurs while operating at high current densities due to the osmotic drag of water molecules along 
with protons transported across the membrane from the anode to the cathode.  Osmotic drag in 
combination with water formation at the cathode causes flooding of the cathode, which hinders 
 
Figure 1.2.  Schematic of a hydrogen-fueled polymer electrolyte membrane fuel cell (PEMFC).  Hydrogen gas 
reacts at the anode catalyst layer to produce two protons and two electrons.  Electrons are conducted through an 
external circuit, powering a load, while protons conduct through the polymeric membrane.  On the cathode, oxygen 
gas combines with the protons and electrons to produce water.  Image courtesy of the Neutron Imaging Facility of 
the National Institute of Standards and Technology (NIST). 
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oxygen transport to catalytic sites.  More significantly, the permeation of unreacted fuel through 
the membrane and to cathode reaction sites, i.e. fuel crossover, results in mixed potentials at the 
cathode, and a dramatic decrease in cell performance [43-47]. 
 A desire to help eliminate these membrane constraints led to the development of laminar 
flow-based fuel cells (LFFCs) [48-52].  On the microscale, fluid flow is typically laminar due to 
characteristic channel dimensions.  In this flow regime, viscous effects dominate over inertial 
effects and multiple streams can merge side-by-side in a single microchannel with only diffusive 
mixing occurring between adjacent streams [53].  Utilizing this microfluidic phenomenon, the 
fuel and electrolyte (or oxidant) streams of a fuel cell can be compartmentalized within a single 
channel without the need for a physical barrier, such as a Nafion membrane.  This membraneless 
design (Figure 1.3) minimizes dry-out and flooding issues at electrodes, facilitates by-product 
removal (i.e., carbon dioxide, carbonates), and enables fuel 
and media flexibility [54].  Placing an external reference 
electrode at the LFFC outlet enables independent analysis 
of polarization losses of electrodes [55].  By integrating a 
gas diffusion cathode, Jayashree et al. developed 
membraneless air-breathing LFFCs [56].  To date, many 
additional LFFC architectures have been successfully 
presented (Figure 1.4, [52]).  More recent LFFC efforts, 
summarized by Shaegh et al. [57], have explored reducing 
fuel crossover [58], flow-through porous electrodes [59-
60], hydrogen peroxide as an oxidant [61], and stacking of 
cells [62]. 
 
Figure 1.3.  Schematic of a laminar 
flow-based fuel cell.  Catalysts are 
deposited on channel sidewalls.  Fuel 
and oxidant streams flow in parallel, 
with diffusion being the only 
interaction between the two streams. 
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 This laminar flow-based fuel cell concept has also been expanded to develop microfluidic 
fuel cells which act as analytical platforms for characterization and optimization of catalysts and 
electrodes [63-64].  As shown in Figure 1.5, this analytical platform is a pH-flexible hydrogen-
oxygen fuel cell that enables the study of electrochemical, transport, and degradation processes 
at both electrodes independently.  This configuration helps to bridge the gap between traditional 
characterization of catalysts within a three-electrode electrochemical cell and characterization of 
catalyst/electrode performance within an actual fuel cell system.  Brushett et al. have 
demonstrated the utility of this platform by studying the performance of Pt/C and Ag/C cathode 
catalysts in alkaline media [64].  Membrane-based fuel cells are traditionally operated in acidic 
media because carbonate formation in alkaline media can clog membrane pores.  However, in 
this microfluidic fuel cell, the flowing electrolyte will remove formed carbonates, enabling 
 
Figure 1.4.  Schematic of various laminar flow-based fuel cell architectures.  Each architecture is shown with fuel 
in green, oxidant in yellow, anodes in black, cathodes in red, and porous electrodes textured.  Two streams are 
combined horizontally in a T- or Y-channel with (a) electrodes on bottom, (b) electrodes on sides, and (c) porous 
electrodes on bottom.  (d) An F-channel configuration, and (e) the addition of porous electrode to facilitate air-
breathing.  (f) An electrode array microfluidic fuel cell.  (g) A flow through porous electrode microfluidic fuel cell.  
(h) A radial porous electrode fuel cell architecture. Reprinted from Journal of Power Sources, 186, E. Kjeang, N. 
Djilali, D. Sinton, Microfluidic fuel cells: A review, 353-369, 2009 with permission from Elsevier. 
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operation in alkaline media.  In comparison to acidic media, alkaline media offers faster kinetics 
of oxygen reduction reaction (ORR) and enables utilization of inexpensive cathode catalysts [65-
68].  This platform has also been used to characterize novel catalysts [69-70], study carbonate 
resilience [71], and link structural and electrochemical analyses of electrodes [72].  
 Overall, the development of LFFC and microfluidic fuel cell technology has occurred rapidly 
in the past ten years.  Some recent work has begun to address scaling out of these fuel cells 
[58,62] however, most of the cells presented to date are laboratory-scale devices which are not 
commercially viable.  For successful commercialization, strategic improvements must be made 
to unit cells in the areas of materials and manufacturing procedures.  Transitioning from proof-
of-concept cells to a commercial microfluidic fuel cell system is a present challenge, and this 
dissertation will address manufacturing technologies to support this transition. 
 
Figure 1.5.  Schematic of a microfluidic H2/O2 fuel cell that serves as an analytical platform for catalyst and 
electrode characterization.  Reprinted with the permission of Fikile R. Brushett. 
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 1.4 Topics Studied in this Dissertation 
 In summary, many research activities are currently investigating the manufacturing of 
integrated microfluidic devices.  Commercialization efforts for these devices are presently 
centered on employing polymers for reduced costs and simplified manufacturing procedures.  A 
wide range of polymers are available, which allows the manufacturer to choose materials’ 
properties suitable for their specific application.  Building on work by others in polymer-based 
fabrication and in laminar flow-based fuel cells (LFFCs), this dissertation will address: design 
and manufacture of a polymer-based LFFC (Chapter 2), characterization of the polymer-based 
LFFC (Chapter 3), as well as electrohydrodynamic-jet (e-jet) deposition of fuel cell catalysts 
(Chapter 4), and demonstration of a multiple nozzle e-jet toolbit (Chapter 5). 
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Chapter 2 
Design and Fabrication of  
Polyimide Laminar Flow-based Fuel Cells 
2.1 Introduction 
 As our understanding of LFFCs continues to advance, a need exists for manufacturing 
technologies to bridge the gap between the methods used in academic laboratories and the 
methods used in the manufacturing of fuel cells.  Most LFFCs presented to date have been proof-
of-concept unit cells whose power output is inadequate for most portable electronic applications 
[1-2].  However, multiple fuel cells can be electrically connected in series or parallel, to deliver 
higher power outputs.  At the macroscale, fuel cells are traditionally assembled manually in 
layer-by-layer fashion followed by clamping the layers between metal plates.  Scaling to larger 
systems involves the stacking of an increasing number of layers, requiring increasingly heavy 
clamping constructions to keep the stack together without leaks.   
 Here we propose an alternative approach to fuel cell manufacturing which utilizes patterned 
polyimide layers to eliminate the heavy clamping structures needed in traditional fuel cell stacks, 
enabling much smaller, lighter structures and thinner stacks, which is attractive in portable 
applications.  We have chosen polyimide several reasons, but mostly for its excellent chemical 
and thermal stability, in comparison to other polymers.  LFFCs are generally operated in highly 
acidic or highly alkaline environments, making chemical stability very important.  Thermal 
stability is also important as LFFCs may be operated at increased temperatures (up to 80°C) to 
improve reaction kinetics.  Polyimide is well-known from IC manufacturing processes and has 
previously been used to fabricate microfluidic devices [3-4].  Furthermore, polyimide can be 
metallized; in this fuel cell design, metallized layers will be needed for anode and cathode 
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current collection.  DuPont’s Kapton is the commercially-available polyimide film that will be 
used in the fabrication of this polymer-based fuel cell.   
 Recent work with membrane-based technology has shown the promise of polymer-based fuel 
cells.  Wheldon et al. developed a hydrogen/air fuel cell which achieves a maximum power 
density of 57 mW/cm
2 
at room temperature [5].  The exact thickness of the polymer-based fuel 
cell is not reported, but a picture of the testing setup shows that the cell is several centimeters 
thick.  Wheldon’s fuel cell is sealed by laminating the cell with a thin polyester film.  Using a 
slightly different approach, Tominaka et al. fabricated a 200-µm thick fuel cell using cyclic 
olefin copolymer (COC) as a substrate [6].  This cell was fabricated via hot-embossing of COC, 
followed by deposition of gold electrodes via electron-beam evaporation.  Tominaka’s cell is 
much thinner than Wheldon’s fuel cell, however, the maximum power of the COC-based cell is 
only 2 µW.  Here, we aim to fabricate a fuel cell that is thin like Tominaka’s cell while achieving 
power levels that compare to Wheldon’s fuel cell.  
2.2 Experimental 
2.2.1 Patterning of Layers 
 Various techniques have been utilized to fabricate channels in polymer-based microfluidic 
devices, but three of the most commonly employed methods include: hot embossing, injection 
molding, and laser ablation.  Hot embossing is widely used in academia and industry for its 
processing simplicity.  After fabrication of a master, the polymer substrate and master are placed 
in a hydraulic press and heated to a temperature just above the glass transition temperature of the 
polymer.  The master structure is pressed into the polymer substrate imprint channels.  Master 
stamps have very long lifetimes and may be used repeatedly to fabricate hundreds of polymer-
based microfluidic devices [7].  Hot embossing was used by Tominaka et al. in developing a 
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membrane-based polymeric fuel cell [6], but in our laminar flow-based design, a fuel/electrolyte 
stream must be exposed to catalysts on both sides of the channel and this method of imprinting 
channels leaves only one side exposed. 
 In the macroscopic world, injection molding is the most widely used method for polymer 
fabrication, and efforts have been made to apply this process to the fabrication of microchemical 
systems as well [8].  This process starts with heating up polymer granules until they begin to 
melt, and then transporting them to a mold cavity where they will be cooled to release a solid 
polymer with the features of the mold.  However, the use of this technique in academia is 
relatively limited due to the high demands in terms of equipment.  Furthermore, this technique is 
not well suited for rapid fabrication of single devices.  In contrast, injection molding is best 
suited for manufacturing large volumes at low costs, and may play a significant role in future 
commercial success of polymer-based microfluidics [3,9].  
 A method which is well-suited for rapid prototyping is laser ablation [10-11].  In this process, 
a laser is focused onto a polymer to break bonds in the polymer and remove a region of material.  
The accuracy of this process is mainly determined by the quality of the x-y stage that moves the 
polymer substrate [8].  Laser ablation offers the ability to pattern a wide range of polymeric 
materials, and has been used to create microchannels in commercially-available polyimide sheets 
[12].  In contrast to hot embossing and injection molding, which allow for the high-throughput 
production of a polymer device from a single mold, laser ablation reduces the time for 
developing single devices.  For these reasons, laser ablation will be used to pattern 
commercially-available polyimide sheets, which can then be stacked to create an LFFC. 
 The Kapton sheets (Dupont Inc.) used in fabrication of this LFFC are either 50-µm or 125-
µm thick, and the metallized Kapton sheets (Dunmore Corporation or Multek Inc.) are 50-µm 
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thick.  Metallized Kapton sheets are coated with 300 Å of aluminum (99.9% pure) on one side of 
the Kapton sheet.  Laser ablation of all Kapton and metallized Kapton samples was completed in 
the SCS Machine Shop on campus. 
2.2.2 Bonding of Layers 
Bonding is a critical step in the fabrication of all microfluidic devices and in this polymer-
based LFFC design, it will be crucial to create strong bonding between polyimide layers.  Three 
methods of bonding are traditionally used: thermal, chemical, and adhesive [13].  Thermal 
methods bond polymers by heating them above the glass transition temperature and pressing 
them together.  However, this method is not well-suited for polyimide, which has a very high 
glass transition temperature (360 – 410°C for polyimide, most polymers ~100°C [3]). Another 
thermal technique that is commonly employed is lamination.  In this process, a thin polymer film 
in rolled over the structure with a heated roller to encapsulate it. Wheldon et. al used this 
technique in fabricating a polymer-based membrane fuel cell [5].  Chemical adhesion is an 
alternative to thermal methods and it involves modifying the surface chemistry of a polymer to 
induce bonding.  This technique is often used for elastomeric materials (plasma oxidation of 
PDMS), but not for thermosets like polyimide.   
The most widely used method for bonding polymer parts is the use of adhesives.  Activation 
can take place by solvent evaporation, by irradiation with UV light, by heat or pressure, or a 
combination of these [3].  In this all-polymer LFFC, a heat-curing adhesive will be utilized in 
combination with an atmospheric plasma system to bond polyimide layers.  The adhesive was 
chosen for its excellent chemical resistance to fuels as well as highly acidic environments, both 
of which are important for successfully sealing a laminar flow-based fuel cell.  This adhesive, 
EP41S-1, is a two-part polymer system which is commercially available from Master Bond Inc.  
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Parts A and B are mixed at a ratio of 10:3, respectively, and must be used within 30 minutes of 
mixing.  EP41S-1 will cure overnight at room temperature. 
The atmospheric plasma system will be used to etch polyimide and increase the surface area 
for bonding [14-18].  The main advantage of an atmospheric plasma system over a traditional 
vacuum-based plasma system is that it does not require the use of a vacuum chamber.  
Atmospheric plasmas are operated at atmospheric pressure and can hence treat materials of any 
size.  Furthermore, unlike vacuum-based plasma systems, atmospheric plasmas can be used to 
selectively treat part(s) of a material.  Additionally, atmospheric plasmas are compatible with in-
line manufacturing, unlike vacuum-based systems which require robotic assemblies to shuttle 
samples in and out of the vacuum chamber [19].  However, as shown by Equation 1.1, an 
atmospheric plasma system must supply higher breakdown voltages for a given gas than 
vacuum-based systems, because the breakdown voltage of a gas, Vb, is proportional to the 
pressure of the gas, p, and the distance, d, between electrodes: 
   
 (   )
  [ (   )]   [  (       )]
 1.1 
where A and B are experimental constants and γse is the secondary electron emission coefficient 
of the cathode [19-21].  Thusly, a narrow gap between electrodes is necessary to achieve a 
reasonable breakdown voltage at atmospheric pressure [19]. 
 In this atmospheric plasma system (Atomflo 250L, Surfx Technologies), a secondary reactive 
gas (O2) is added to a carrier gas (He) to reduce breakdown voltage.  For this plasma treatment, 
~2% O2 gas is added to a helium-stabilized plasma; this concentration of O2 is more than 
sufficient to etch/treat the surfaces of polymers, and because He has a breakdown voltage only 
150 V, a high voltage transformer is not needed to operate this system [22-23].  The Atomflo 
250L provides precise control (to 0.01 mL/min flow rate of gas) over the ratio of carrier gas to 
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reactive gas, which provides very repeatable and 
controllable plasma treatment.  While argon-stabilized 
plasmas have faster etch rates, helium provides a wider 
operating range of RF power [20,22,24].  Figure 2.1 
shows the atmospheric plasma system, with a close-up 
view of the plasma head.  The plasma system can be 
operated externally via LabView software, facilitating 
future integration with other manufacturing technologies. 
2.3 Results and Discussion 
2.3.1 Kapton Fuel Cell Design 
 An exploded diagram of this polyimide-based LFFC 
is shown in Figure 2.2.  Unless otherwise noted, each 
layer is 3.5 inches by 2 inches, and there is a 12-µm 
thick layer of adhesive between layers.  Working from the left of the schematic, the first layer 
serves as an anode current collector.  This 50-µm thick Kapton layer is metallized for current 
collection and is machined with inlet and outlet holes for the fuel/electrolyte and oxidant 
streams.  Nanoports (Upchurch Scientific Inc.) are bonded to the surface of this layer, using a 
two-part epoxy, to facilitate the entrance and exit of fuel/electrolyte and oxidant streams. The far 
side of this layer extends 0.5 inches beyond adjacent layers so that alligator clips from a 
potentiostat and a voltmeter can be electrically connected to the anode.  The next layer is a 
carbon paper electrode that has anode catalyst deposited onto the side opposite of the anode 
current collector.  A silver epoxy (~150-µm thick) is deposited between this layer and the 
metallized current collector to improve electrical contact conductance.  This layer is ~190-µm 
 
Figure 2.1. (a) Atmospheric plasma setup 
can be controlled externally via LabView. 
(b) Close-up of the plasma head used for 
treating materials. Plasma is emitted from 
a 1.0-inch slit at the bottom of the 
stationary plasma head. 
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thick and is 2 inches by 1 inch.  The next Kapton layer is 50-µm thick and it encapsulates the 
anode, leaving a window for fuel/electrolyte to flow over the anode catalyst.  Fuel/electrolyte and 
oxidant streams pass through this layer.   
 The following channel layer facilitates the transport of fuel to the anode catalyst.  The 
oxidant stream flows through this layer, while the fuel/electrolyte stream enters this layer on one 
side, flows laminarly across the layer, and then exits the fuel cell on the opposite side.  This layer 
is machined from 125-µm thick Kapton to reduce the pressure drop in the channel.  The fuel cell 
was originally designed with a 50-µm thick channel layer however, the large pressure drop 
associated with this channel dimension caused the fuel/electrolyte stream to find alternate 
pathways out of the cell.  Continuing to the right of the schematic, the next 50-µm Kapton layer 
 
Figure 2.2. Schematic of an all-polymer LFFC for manufacturing thin, lightweight fuel cell stacks.  Anode and 
cathode layers are carbon paper, while other layers are laser-machined from Kapton (50 µm or 125 µm thick).  
Current collectors are metallized with aluminum to facilitate conduction of electrons.  The fuel is methanol, the 
electrolyte is sulfuric acid, and the oxidant is oxygen.  
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encapsulates the cathode, leaving a window for the Nafion layer to conduct the protons which are 
produced at the anode.  The oxidant passes through this layer.  Next is the cathodic gas diffusion 
electrode (GDE); catalyst is deposited on the side opposite the cathode current collector and a 
Nafion layer is hot-pressed over the catalyst.  This electrode is ~240-µm thick and is 2 inches by 
1 inch.   
 The subsequent layer is the cathode current collector, which is machined with a window for 
oxidant transport to the cathodic GDE.  This metallized Kapton layer is 50-µm thick and the near 
side of this layer extends 0.5 inches beyond adjacent layers so that alligator clips from a 
potentiostat and a voltmeter can be electrically connected to the cathode.  A silver epoxy (~150-
µm thick) is deposited between this layer and the cathodic GDE to improve electrical contact 
conductance.  Next is a 50-µm thick Kapton layer which facilitates oxidant transport to the 
cathode catalyst.  The oxidant stream enters this layer on one side, flows across the layer, and 
then exits the fuel cell on the opposite side.  Lastly, a 50-µm thick Kapton layer seals the oxidant 
flow channel.  The entire cell is ~1 mm thick.  Computer-aided design drawings of each layer are 
provided in Appendix A.  
 This design can also be used to stack several cells.  In a stack, the fuel/electrolyte and oxidant 
streams would exit individual fuel cells in a direction opposite that shown in Figure 2.2.  The 
streams would then proceed to the following fuel cell in the stack.  Multiple cells can be 
electrically connected in series or parallel, by connecting electrodes with alligator clips.  In 
series, the cathode of one cell would be electrically connected to the anode of the next cell in the 
stack, and this configuration would continue through the stack.  The potential across the stack, as 
measured from the first anode to the last cathode, would be the sum of the potential differences 
across each cell.  The current through the stack would be identical to that of an individual cell.  
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In parallel, all anodes will be electrically connected to each other and all cathodes would be 
connected.  The potential across the stack would be identical to that of an individual cell, but 
current would increase with each additional cell. 
2.3.2 Kapton Fuel Cell Fabrication 
The Kapton fuel cell shown in Figure 2.2 is manufactured using existing fabrication 
technologies for polymer-based microfluidics.  In order to reduce the time between devices, two 
Kapton fuel cells are fabricated in parallel during every fabrication procedure.  Initially, 4-inch 
silicon wafers are treated with (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (Gelest, 
Inc.), a silanizing agent, to allow for easy release of PDMS so that the wafers can be re-used for 
subsequent fabrication steps.  Silicon wafers are then cleaned by rinsing with acetone, water, 
isopropyl alcohol, and finally water again.  After the wafers are dried under nitrogen, they are 
ready to be used. 
Next, polydimethyl-siloxane (PDMS, General Electric RTV 650) is prepared in a 10:1 ratio 
of monomer:crosslinker for a total amount of 5 g/wafer.  The liquid PDMS prepolymer is 
vigorously mixed with the crosslinking agent and then degassed to remove any residual bubbles 
created during mixing.  The degassed, polymer mixture is poured over the 4-inch silicon wafer 
and spun at 2000 rpm in a spin coater (SCS-G3P8, Specialty Coating Systems Inc.), resulting in 
a 25-µm layer of PDMS on the wafer.  The coated wafer is then cured for ~20 minutes at 70°C in 
a convection oven (VWR International). 
At this time, a metallized Kapton layer is cleaned by first rinsing with acetone, water, 
isopropyl alcohol, and with water again.  The metallized Kapton layer is dried under nitrogen 
and then plasma treated with an atmospheric plasma system (Atomflo-250L, Surfx 
Technologies) to etch the metallized surface and increase bonding area.  The plasma system is 
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operated with a helium flow rate of 15.0 L/min, an oxygen flow rate of 0.20 L/min, and at a 
power level of 80 W.  The metallized Kapton layer is translated ~1 cm below the stationary 
plasma head for ~20 s in a direction along the length of the layer and ~20 s in a direction along 
its width, ensuring that all areas of the metallized Kapton have been exposed to the plasma.  
Next, a two-part silver conductive epoxy (8331-14G, MG Chemicals) is deposited onto the 
aluminum side of the metallized Kapton layer.  A mask is cut from weighing paper (Fisherbrand) 
to confine the Ag epoxy to the desired region for deposition (Figure 2.3a) and a knife blade is 
used to distribute the epoxy over the metallized Kapton surface.  A catalyst-coated electrode is 
then placed on top of the silver epoxy.  Initial efforts explored deposition of the anode catalyst 
directly onto the metallized Kapton to reduce cell thickness, however, the catalyst dispersion was 
very poor, and a gas diffusion layer proved to be a much better substrate for catalyst deposition 
(Figure 2.4). 
Next, the PDMS-coated wafer is removed from the convection oven and allowed to cool for 
 
Figure 2.3. (a) Masks are cut from weighing paper (Fisherbrand) to facilitate deposition of silver epoxy. (b) After 
spinning EP41S-1, Kapton layer is easily removed from the PDMS layer that it was reversibly bonded to, leaving 
EP41S-1 on the PDMS layer.  PDMS can be peeled from the silicon wafer so that the wafer can be reused.  
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~2 minutes.  During this time, a Kapton channel layer is plasma treated at the same conditions as 
was done for the metallized Kapton layer.  This Kapton channel layer is then placed on the  
PDMS-coated wafer, forming a reversible bond between the Kapton and PDMS.  At this point, 
5.0 g Part A and 1.5 g Part B of polymer system EP41S-1 is mixed (ARE-310, Thinky) for 6 
minutes at 2000 rpm (mixing step) and 6 minutes at 2200 rpm (defoam step).  This quantity of 
adhesive will sufficiently cover two Kapton layers; EP41S-1 is mixed at a 10:3 ratio of Part 
A:Part B if an alternate quantity of adhesive is desired.  Approximately 3 g of mixed EP41S-1 is 
then poured over the Kapton layer, which is reversibly-bonded to the PDMS-coated wafer, and 
spun at 8000 rpm in a spin coater.  This spin rate results in a 12-µm layer of EP41S-1 on the 
Kapton layer.  The reversibly-bonded Kapton layer is then peeled from the PDMS, leaving 
excess EP41S-1 on the PDMS-coated wafer (Figure 2.3b). 
Finally, the EP41S-1 coated Kapton layer is visually aligned and brought into contact with 
the catalyst-coated electrode that was previously adhered to the metallized Kapton layer.  The 
adhesive is cured overnight at room temperature before any additional fabrication or testing is 
initiated.  Additional Kapton channel layers can be added to the encapsulated electrode by 
repeating the procedure of depositing EP41S-1 onto a Kapton layer and then adhering the coated 
Figure 2.4. (a) Poor anode catalyst dispersion on metallized Kapton. (b) Carbon paper can be encapsulated 
between two sheets of Kapton, serving as a substrate for the anode catalyst. 
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layer to the previously encapsulated electrode.  A schematic of this fabrication procedure is 
shown in Figure 2.5.  The fabrication process generally occurred as follows: (i) encapsulate both 
electrodes in Kapton, (ii) add a Kapton channel layer to the encapsulated anode, (iii) bond the 
encapsulated electrodes together, (iv) add a Kapton channel layer to the cathode, and (v) enclose 
the exposed oxidant flow channel.  Not including time for electrode fabrication and 
electrochemical testing, this fabrication process generally takes ~5 days to produce two complete 
fuel cells.  Step (iii) is completed by spinning EP41S-1 onto the encapsulated cathode and 
bonding it to the encapsulated anode.  A sacrificial layer of Kapton is cut to fit exactly in the 
 
Figure 2.5. Schematic which depicts the fabrication procedure for the all-polymer LFFC shown in Figure 2.2. 
PDMS is spun onto a silicon wafer and a plasma-treated Kapton layer is placed onto the cured PDMS.  EP41S-1 is 
spun over the entire Kapton layer.  In parallel, metallized Kapton is plasma treated and a silver epoxy is deposited 
onto it.  A carbon paper electrode is placed on the silver epoxy and the reversibly-bonded Kapton layer is then 
removed from the PDMS and used to encapsulate the electrode.  Additional layers are added to the encapsulated 
electrode by repeating the four steps shown in the left column of this schematic. 
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window of the encapsulated cathode to prevent adhesive from being deposited on the exposed 
Nafion layer.  After spinning adhesive, this sacrificial layer can easily be removed, leaving 
adhesive deposited only upon the Kapton which is encapsulating the cathode.  Images of the cell 
at intermediate steps are shown in Figure 2.6a – e.  The complete cell shown in Figure 2.6f is ~1 
mm thick. 
One of the main challenges in this fabrication process is hot-pressing the cathodic gas 
diffusion electrode to a Nafion layer.  A hot-pressed cathode must be uniformly flat to ensure 
that adhesive will spin evenly over the surface of the Kapton.  When the Nafion layer is not 
evenly bonded to the cathode catalyst layer (Figure 2.7a), the Kapton-encapsulated cathode will 
 
Figure 2.6. Images of (a) a Kapton-encapsulated electrode with a 0.6 x 3.2 cm
2
 electrode area,  (b) the opening for 
oxygen to enter a Kapton cathode, (c) a Kapton anode with the fuel channel layer, (d) a Kapton cathode with the 
oxygen channel layer, (e) the backing layer bonded to a Kapton cathode, and (f) a complete Kapton-based LFFC. 
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also be warped (Figure 2.7b) and this prevents the adhesive from being uniformly spun over the 
surface of the encapsulated cathode.  More details regarding the cathodic hot-pressing procedure 
can be found in Chapter 3.2.1. 
2.3.3 Assembly 
Micro-computed tomography (MicroCT) techniques have been employed in other disciplines 
for some time, but are only recently being explored for imaging in fuel cell applications [25-28].  
Tomographic imaging is a powerful visualization technique which identifies different 
phases/elements and heterogeneous densities via variations in X-ray absorption [29].  Some of 
the most recent work in the field of fuel cells has used MicroCT to link structural and 
electrochemical analyses of fuel cell electrodes [30].  Here, MicroCT is used to evaluate 
deposition of a two-part silver epoxy between a carbon paper and metallized Kapton as well as 
the deposition of EP41S-1 between Kapton layers. 
Figure 2.8 shows that silver epoxy deposition varies between ~100 – 200 µm thick.  As 
described in Chapter 2.3.2, deposition of Ag epoxy is confined by a mask and then distributed 
over the metallized Kapton surface with a knife blade.  The thickness of the mask is consistent 
between fabrication assemblies, however, the angle of and pressure applied to the knife blade are 
not automated and will vary between fabrication assemblies. 
 
Figure 2.7. (a) Nafion layer is not evenly bonded to the cathode catalyst layer.  (b) This non-uniformity causes the 
Kapton cathode to warp, which prevents adhesive form being uniformly spun over the cathode. 
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MicroCT images confirm that EP41S-1 deposition between Kapton layers is very uniform 
(Figure 2.9a), due to the consistent spinning procedure.  The adhesive layer is 12-µm thick, 
making an entire cell ~1 mm thick.  Figure 2.9b shows fluid flowing into and out of the all-
polymer fuel cell.  The assembly was successfully tested for being able to sustain fluid flow 
without leaking.  The adhesive does not obstruct fuel and/or oxidant flow channels by seeping 
into neighboring Kapton layers as it cures. 
 
Figure 2.9. (a) MicroCT image of adhesive deposition  between two 75- µm thick Kapton sheets. Spinning 
procedure results in a 12-µm thick adhesive layer. Complete cell is ~1 mm thick. (b) Adhesive does not obstruct 
fuel and/or oxidant flow channels. 
 
 
Figure 2.8. MicroCT images of Kapton anode and cathode show that silver (Ag) deposition varies between ~100 – 
200 µm thick. 
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2.4 Conclusions 
We have designed and fabricated a lightweight, Kapton-based fuel cell which is ~1 mm 
thick.  Kapton has suitable bulk properties and is relatively inexpensive to produce, making it a 
desirable polymer for a variety of commercial applications.  Kapton layers are laser machined to 
facilitate rapid prototyping of devices, and layers are bonded via use of an adhesive and an 
atmospheric plasma system.  Fabrication times may be reduced by exploring curing of the 
adhesive at elevated temperatures. MicroCT images confirm that adhesive deposition is rather 
uniform.  Adhesive does not clog flow channels and the assembly can successfully sustain fluid 
flow without leaking.  Testing of this all-polymer LFFC will be reported in the next chapter. 
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Chapter 3 
Characterization of  
Polyimide Laminar Flow-based Fuel Cells 
3.1 Introduction 
 Most laminar flow-based fuel cells (LFFCs) presented to date are much too large to be 
integrated into portable electronic devices.  In addition, most LFFCs are unit cells which will not 
meet power requirements of a portable electronic device.  To address these limitations, 
manufacturing technologies must be developed for LFFCs.  To this end, we have designed and 
fabricated a polymer-based LFFC which enables smaller, lighter structures and thinner stacks 
that are attractive for portable applications.  Details regarding the design and fabrication of this 
cell are reported in Chapter 2.  Here, this polymer-based fuel cell will be characterized with a 
focus on the performance changes associated with our alternative approach to electrode / catalyst 
integration.  Performance of individual electrodes is initially investigated as a function of 
electrode preparation (i.e., hot-pressing, backing layer hydrophobicity), using a microfluidic fuel 
cell platform (Chapter 3.3.1).  After electrodes are encapsulated in Kapton, performance is 
investigated as a function of fabrication protocol (i.e., deposition of silver epoxy).  Performance 
changes due to Kapton anode encapsulation (Chapter 3.3.2) and Kapton cathode encapsulation 
(Chapter 3.3.3) are studied with a novel half-Kapton, half-microfluidic fuel cell platform.  After 
fabrication of a complete all-polymer fuel cell, performance is investigated as a function of cell 
operating parameters (i.e., choice of oxidant, fuel/electrolyte flow rate).  Furthermore, the 
durability of individual electrodes, over the timeframe of testing Kapton anodes and cathodes, is 
reported.  Developing an understanding of the key factors which govern the performance of this 
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cell will be critical to furthering the development of thin, lightweight fuel cell stacks for portable 
power applications. 
3.2 Experimental 
3.2.1 Electrode Preparation 
 Unless specified otherwise, Pt/Ru/C (Alfa Aesar, 50:25:25 wt%) was used as the anode 
catalyst and Pt/C (Alfa Aesar, 50:50 wt%) was used as the cathode catalyst.  Electrode loadings 
ranged from 2 to 8 mg/cm
2
, but typical loadings were ~3 mg/cm
2
, resulting in 1.5 mg Pt/cm
2 
on 
both electrodes.  Both electrode areas were 0.6 x 3.2 cm
2
, or ~2 cm
2
 active catalyst area.  Nafion 
(5 wt% solution, Ion Power Inc.) was added as a binder at a 20:3 ratio of catalyst to binder.  
Catalyst inks were prepared by mixing the desired amounts of catalyst and binder with 250 µL of 
Millipore water (18.1 MΩ) and 250 µL of isopropyl alcohol which function as carrier solvents.  
The catalyst inks were sonicated (Sonics VCX-130PB) for five minutes to obtain a uniform 
mixture and were then hand-painted onto the microporous carbon-coated side of Sigracet 25BC 
(Fuel Cell Earth) carbon paper.  Anodes were then hot-pressed (Carver 3851-0) at 1200 psi for 5 
minutes at 130°C to improve catalyst adhesion and electrode durability [1].  Anodes were placed 
catalyst side down onto a niobium foil to prevent the catalyst layer from attaching to the heated 
plates.  Each carbon paper electrode was weighed before painting and after hot-pressing to 
determine precise loadings of each electrode.   
 During the cathode hot-pressing procedure, a layer of Nafion 212 (Fuel Cell Earth) was 
placed on top of the catalyst layer before hot-pressing.  This additional step resulted in a Nafion 
layer being bonded to each cathodic gas diffusion electrode (GDE) as a barrier to methanol 
crossover [1-2].  Nafion 212 was cleaned in a solution of 10 wt% nitric acid (Fisher) at 90°C for 
2 hours and then stored in Millipore water prior to the hot-pressing procedure.  Millipore water 
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was refreshed on a weekly basis.  Cathodes were initially hot-pressed at the same conditions as 
the anode, however, due to inconsistent bonding between the catalyst and Nafion layer (Figure 
3.1a), an alternative hot-pressing procedure was developed. 
 First, a damp layer of Nafion was placed onto a thin 4 in. x 3 in. Teflon sheet (0.005 in. thick, 
McMaster-Carr).  The dampness of the layer ensured that it would stick flatly to the Teflon sheet.  
Cathodic GDEs were placed catalyst side down onto the Nafion layer and an additional layer of 
Teflon was placed on top of the GDE.  The Teflon and cathode layers were then sandwiched 
between two aluminum plates and put into 
the hot-press at 1200 psi and 130°C.  
Aluminum plates were rotated 90° every 1 
minute and 15 seconds to ensure even 
pressure distribution over the surface of the 
GDE.  After 5 minutes, the aluminum plates 
were removed from the hot-press to yield a 
 
Figure 3.1. (a) Procedure for hot-pressing the cathode, using a niobium foil, yields inconsistent bonding between the 
Nafion and cathode catalyst layer. (b) Hot-pressing with Teflon yields consistent bonding, but carbon paper may 
bond slightly to Teflon during hot-pressing procedure. 
 
 
Figure 3.2. Procedure for hot-pressing the cathode 
using Teflon yields consistent bonding between the 
Nafion and cathode catalyst layer. 
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GDE with a Nafion layer bonded to it.  Unlike using niobium foil, carbon paper may bond 
slightly to Teflon during the hot-pressing procedure (Figure 3.1b).  However, using Teflon yields 
a consistent bond between the catalyst and Nafion layers (Figure 3.2) that was not consistently 
achieved when using niobium foil.  Also in contrast to anode fabrication, catalyst ink was 
painted over the entire surface area of the cathodic GDE to improve bonding between the 
catalyst and Nafion layers.  
3.2.2 Fuel Cell Assembly 
 Prior to encapsulating electrodes in Kapton, studies were conducted in a microfluidic fuel 
 
Figure 3.3. Microfluidic fuel cell as an analytical platform for electrode characterization. Nitrogen is introduced to 
prevent oxygen poisoning of the anode. Fuel and electrolyte are introduced via a channel cut into a 0.15-cm thick 
PMMA sheet. A reference electrode is placed at the outlet of the fuel/electrolyte stream to enable independent 
analysis of polarization losses of each electrode. 
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cell setup (Figure 3.3), traditionally used for electrode characterization [3-8].  An anode and a 
cathode were placed on either side of a 0.15-cm thick polymethyl(methylacrylate) (PMMA) 
sheet, machined with a 3.3-cm long and 0.3-cm wide channel which enables the passage of fuel 
and electrolyte through the fuel cell during experimentation.  Electrodes were placed facing 
inward on either side of the channel, such that the catalyst layer interfaces directly with the 
flowing stream.  Two 0.1-cm thick, copper-infused graphite plates, with access windows (3.8 x 
0.7 cm
2
), were placed on the outside of the electrodes to serve as current collectors.  
Polycarbonate flow chambers (5.0 x 1.0 x 0.5 cm
3
) were placed outside of the graphite windows 
for the introduction of gases.  The multilayer assembly was held together using binder clips. 
 After electrodes had been encapsulated in Kapton, individual electrode studies were 
conducted with the complementary half of the microfluidic fuel cell platform (Figures 3.4 and 
3.5).  This half-Kapton, half-microfluidic fuel cell platform was assembled in the same manner 
as the traditional microfluidic fuel cell, and was held together with binder clips.  After individual 
Kapton electrodes had been studied, a complete, all-polymer fuel cell was assembled by spinning 
EP41S-1 adhesive onto a Kapton cathode and then bonding it to a Kapton anode (experimental 
details described in Chapter 2.3.2). 
3.2.3 Fuel Cell Testing 
 Fuel cell experiments were conducted using either NOVA Software (EcoChemie) controlled 
by a potentiostat (Autolab PGSTAT-30, EcoChemie) or DAQFactory Express Software 
(Azeotech) controlled by an in-house fabricated load box.  Both experimental setups acquire 
consistent data for any given electrode (Figure 3.6).  In the microfluidic fuel cell platform, 
oxygen and nitrogen gas (S.J. Smith, laboratory grade) are fed through the cathode and anode gas 
flow chambers, respectively, at a flow rate of 10 sccm (Cole Palmer).  As an inert, nitrogen gas 
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fed to the anode will prevent oxygen in the surrounding atmosphere from poisoning the Pt/Ru/C 
catalyst.  A nitrogen supply was not needed for Kapton anodes which are inherently sealed from 
 
Figure 3.4. A Kapton anode is integrated with the cathodic half of the microfluidic fuel cell platform to produce a 
half-Kapton, half-microfluidic fuel cell platform for Kapton anode characterization.  Assembly is identical to that of 
the microfluidic fuel cell platform. 
 
 
Figure 3.5. A Kapton cathode is integrated with the anodic half of the microfluidic fuel cell platform to produce a 
half-Kapton, half-microfluidic fuel cell platform for Kapton cathode characterization.  Assembly is identical to that 
of the microfluidic fuel cell platform. 
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the surrounding atmosphere.  For all experiments, the cell was supplied with a fuel stream 
consisting of 1 M methanol (Fisher) and 1 M sulfuric acid (H2SO4, GFS Chemicals), added for 
proton conduction.  Unless otherwise noted, fuel flow rates were held at 0.3 mL/min using a 
syringe pump (2200 PHD, Harvard Apparatus).  All experiments were performed at room 
temperature.  Once the gas and liquid streams were introduced, the fuel cell was held at open 
circuit potential (OCP) until the cell potential had stabilized.  
 Polarization curves were obtained by steady-state current measurements at different cell 
potentials.  Potentiostat leads were attached to the anodic and cathodic current collectors via 
copper alligator clips.  The working electrode lead was attached to the anode while the reference 
and counter electrode leads were combined and attached to the cathode.  A reference electrode 
(Ag/AgCl in saturated NaCl, BASi) was placed at the outlet of the fuel / electrolyte stream to 
enable independent analysis of polarization losses of each electrode.  No potential drop is 
observed along the polyethylene tubing (Cole Parmer, 1.57 mm ID) connecting the fuel cell and 
the reference electrode  [9]. Anode and cathode polarization losses were measured using two 
 
Figure 3.6. (a) Polarization and power density curves, and (b) corresponding individual electrode curves for a 
microfluidic fuel cell when testing with NOVA software on an Autolab potentiostat and when testing with DAQmx 
software on an in-house fabricated load box.  Electrochemical data is consistent between experimental setups. 
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multimeters (15 XP Meterman, 87 III Fluke, or 179 Fluke), both grounded to the reference 
electrode, and attached to opposing graphite (or metallized Kapton) current collectors.  Anode 
and cathode potentials, versus the reference electrode, were used to determine the actual cell 
potential.  This configuration eliminates any electrical contact resistance losses between the 
alligator clips from the potentiostat and the current collectors.   
3.3 Results and Discussion 
 The testing protocol generally occurred as follows: (i) anodes and cathodes are tested in a 
microfluidic fuel cell setup (Figure 3.3) to investigate individual electrode performance prior to 
Kapton encapsulation, (ii) electrodes are encapsulated in Kapton and re-tested in a half-Kapton, 
half-microfluidic fuel cell platform (Figures 3.4 and 3.5) to quantify performance changes, and 
finally, (iii) Kapton electrodes are bonded together to evaluate the performance of a complete, 
all-polymer fuel cell.  
3.3.1 Preliminary Catalyst and Electrode 
Characterization and Optimization 
Before investigating the performance of Kapton 
electrodes, some preliminary anode and cathode 
studies were completed in order to optimize 
catalyst and electrode backing layers for a thin, 
methanol polymer-based fuel cell.  Previous work 
by Lu et al. has shown that hydrophilicity is 
desirable for membrane-based methanol fuel cells 
[10].  In Lu’s fuel cell, methanol flows through the 
Figure 3.7. Polarization and power density 
curves show that fuel/electrolyte leaks through 
Toray carbon paper (no PTFE), hindering 
performance (when compared with Sigracet 
25BC). Anode backing layer still needs some 
hydrophobicity when operating with methanol in 
a flow-over-electrode design. 
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electrode backing layer and the hydrophilic nature of the backing layer is important for 
management of carbon dioxide in the anode.  In the all-polymer LFFC design, as well as the 
microfluidic fuel cell platform used for initial testing, methanol flows over the electrode and 
carbon dioxide byproducts are removed by the flowing fuel/electrolyte stream.  Due to this 
design difference, studies were done to compare untreated Toray carbon paper (0% PTFE) to 5% 
wet-proofed Sigracet 25BC.  Figure 3.7 shows that Sigracet 25BC significantly outperforms 
untreated Toray carbon paper.  Due to the lack of hydrophobicity on the Toray carbon paper, 
methanol/electrolyte was found to seep through the electrode backing layer during the 
experiment, and for this reason, individual electrode data was not able to be obtained because 
electrical contact to the reference electrode was interrupted.  Thusly, wet-proofed Sigracet 25BC 
(5% PTFE) will be used in fabricating the all-polymer LFFC. 
Recent work by Naughton et al. [8] found that hand-painting electrodes at a slower rate, than  
traditionally done in prior work [3,11-14], improved electrode performance in a microfluidic fuel 
cell.  While traditional painting times range from ~1 to 2 hours for a given electrode, Naughton 
 
Figure 3.8. (a) Polarization and power density curves for a microfluidic fuel cell operating with painting times 
varied from 1.5 hr to 4 hr.  (b) Corresponding individual electrode curves show that anode performance for a 
methanol-fueled LFFC improves with decreased painting time.  Longer painting times allow the catalyst to permeate 
the electrode backing layer farther. This improves performance in gaseous- fueled cells, but hinders performance in 
liquid-fueled cells, where fuel does not permeate the electrode backing layer. Catalyst that is deposited beneath the 
surface of the electrode backing layer is not utilized when operating with liquid fuels. 
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painted over a period of ~4 hours.  A comparison of these two painting approaches shows that 
the traditional painting approach yields higher-performing anodes (Figure 3.8).  Both anodes 
were tested using the exact same cathode, and individual electrode curves confirm that 
performance changes occur solely at the anode.  Longer painting times allow the catalyst to 
further permeate the electrode backing layer, and when methanol flows over the anode, catalyst 
that is deposited beneath the surface of the electrode will not be utilized, thusly hindering anode 
performance for a given loading.  In a gaseous-fueled cell, as used by Naughton et al. [8], 
deposition of catalyst within the electrode backing layer will increase the catalyst surface area 
since the gas flows through the electrode backing layer.  For this reason, anodes will be hand-
painted using traditional painting times.  Both anodes used in this study were loaded with 2.0 
mg/cm
2
 Pt/Ru before a comparison of anode catalysts had been completed. 
Pt/Ru catalyst has traditionally been used for methanol oxidation [1,13] however, recent 
work has suggested that carbon-supported Pt/Ru may outperform Pt/Ru [15-16].  Using the 
microfluidic fuel cell platform, these two anode catalysts were compared to each other, using the 
 
Figure 3.9. (a) Polarization and power density curves for a microfluidic fuel cell as a function of anode backing 
layer and anode catalyst.  Pt/Ru/C outperforms Pt/Ru as an anode catalyst for methanol oxidation. Sigracet 35BC 
may perform slightly better than Sigracet 25BC, but the extra thickness of a 35BC electrode (~100 µm) is not 
warranted for minimal performance improvements. (b) Corresponding individual electrode curves confirm that 
performance changes are due to anode differences. 
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exact same cathode (2.0 mg/cm
2
 Pt/C).  With Sigracet 25BC as the anode backing layer, Figure 
3.9 shows that Pt/Ru/C outperforms Pt/Ru for similar loadings.  At 3.0 mg/cm
2
 loading, Pt/Ru 
yields a maximum power density of 11.0 mW/cm
2
, while carbon-supported Pt/Ru yields 12.4 
mW/cm
2
, or ~13% increase.  Increased loading of Pt/Ru/C (6.0 mg/cm
2
) as well as an alternative 
backing layer (Sigracet 35BC) was also explored.  Both of these modifications improved 
performance slightly, but the performance increases did not justify the cost of the changes.  In 
comparing the electrode backing layers, Sigracet 35BC improves performance at maximum 
power by ~8%, but the backing layer is ~100 µm thicker than Sigracet 25BC (325  µm vs. 235 
µm, respectively).  In this all-polymer LFFC, any extra thickness will be avoided unless 
significant performance improvements are accompanied.  Increasing the Pt/Ru/C loading to 6.0 
mg/cm
2 
improved peak power density to 14.2 mW/cm
2
 or ~14%, however, this high of a Pt 
loading (3.0 mg/cm
2
) is rather unrealistic for commercial applications.  
Lastly, the effect of hot-pressing anodes was studied using the microfluidic fuel cell 
platform.  Anodes are typically hot-pressed to increase catalyst adhesion and improve electrode 
 
Figure 3.10. (a) Polarization and power density curves show that hot-pressing anodes at 1200 psi and 130 °C for 5 
minutes does not affect performance.  (b) Corresponding individual electrode curves show that anode polarization 
losses are identical.  The reduction in thickness due to hot-pressing is attractive for developing a thin all-polymer 
fuel cell. 
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durability [1], however, recent work with MicroCT shows that electrode compression reduces 
electrode performance in a H2/O2 microfluidic fuel cell [17].  For this reason, two anodes were 
painted onto Sigracet 25BC and the exact catalyst loadings were measured to be within 5% of 
each other.  One anode was hot-pressed at 1200 psi and 130 °C for 5 minutes and both were then 
tested with the same Pt/C cathode.  Figure 3.10 shows that performance is independent of this 
hot-pressing procedure.  However, hot-pressing does significantly decrease the thickness of a 
GDL, as shown in Table 3.1.  This reduction in thickness is attractive for developing a thin fuel 
cell, and because hot-pressing does not impact performance, all anodes fabricated for the all-
polymer fuel cell will be hot-pressed. 
In contrast to anodes, all cathodes must be hot-pressed in order to bond a Nafion layer to the 
 
Figure 3.11. (a) Polarization and power density curves, and (b) corresponding individual electrode curves for a 
microfluidic fuel cell as a function of cathode backing layer and cathode catalyst loading.  Cathode performance is 
independent of electrode backing layer as well as catalyst loading.  Sigracet 25BC will be used in fabricating the all-
polymer fuel cell as it is ~100 µm thinner than Sigracet 35BC. 
Table 3.1. Reduction in thicknesses due to hot-pressing two common electrode backing layers.  Anodes are hand-
painted with 2.0 mg/cm
2
 Pt/Ru and are hot-pressed at 1200 psi and 130 °C for 5 minutes.  
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catalyst layer.  Sigracet 35BC has traditionally been used in prior work as a cathode backing 
layer, as its extra thickness makes it more robust than Sigracet 25BC [1,13-14].  However, for 
purposes of designing the all-polymer fuel cell to be as thin as possible, the performances of 
Sigracet 25BC and 35BC were compared over two loadings of Pt/C (3.0 and 6.0 mg/cm
2
), and 
Figure 3.11 shows that cathode performance is virtually independent of catalyst loading as well 
as electrode backing layer.  For this reason, cathodes will be fabricated by painting 3.0 mg/cm
2
 
Pt/C over Sigracet 25BC.  Lower loadings are more commercially viable, and the use of Sigracet 
25BC will help reduce the overall thickness of the all-polymer LFFC. 
While studying Nafion content in cathodic catalyst inks, the first and second generation 
microfluidic fuel cell platforms were compared.  The first generation platform [4] was assembled 
with 1.0-inch binder clips, while the second generation platform [8] was assembled with 0.5-inch 
binder clips.  In the second generation design, the polycarbonate flow chambers were reduced in 
thickness to make the overall cell more compact, however this design change reduces overall 
performance by ~15%.  As shown in Figure 3.12, for the regular Nafion cathode, performance 
drops from 15.7 to 14.0 mW/cm
2
 or ~11%, and for the double Nafion cathode, performance 
 
Figure 3.12. (a) Polarization and power density curves for a first and second generation design of microfluidic fuel 
cell.  While second generation design is more compact, the first generation design outperforms it. (b) Individual 
electrode curves show comparable polarization losses on each electrode, indicating that the smaller binder clips used 
in the second generation design increase contact resistance losses. 
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drops from 19.9 to 16.1 mW/cm
2
 or ~19%.  The individual electrode curves show that 
performance drops equally on both electrodes, indicating that there are ohmic losses in the cell.  
As expected, larger binder clips will reduce contact resistances between layers in the cell, hence 
reducing ohmic losses.  As an analytical platform for catalyst/electrode characterization, it is not 
concerning that the performance of the second generation design drops however, this observation 
does verify the importance of electrical contact conductance between layers in a fuel cell, namely 
the electrode and current collector. 
3.3.2 Kapton Anode Characterization 
 As anodes are then encapsulated in Kapton, a half-Kapton, half-microfluidic platform is used 
to evaluate performance changes.  One of the most important considerations when encapsulating 
anodes is electrical contact between the electrode backing layer and the metallized Kapton 
current collector.  As summarized in Figure 
3.13, the use of a silver epoxy between the 
electrode backing layer and the metallized 
Kapton increases performance at peak power 
density by ~224%.  By hot-pressing the 
electrode before using silver epoxy, the 
performance increases an additional ~21%.  
Hot-pressing does not impact the performance 
of electrodes (Figure 3.10) and it reduces 
surface non-uniformities on the carbon paper 
which tend to increase electrical contact 
Figure 3.13. Silver (Ag) epoxy significantly lowers 
electrical contact resistance between anode backing 
layer and metallized Kapton current collector.  Hot-
pressing anodes further improves electrical contact 
between carbon paper and current collector. 
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resistance.  All three Kapton anodes shown in Figure 3.13 are loaded with 2.0 mg/cm
2
 Pt/Ru as 
this study was completed before anode catalyst studies had commenced. 
 Figure 3.14 shows the importance of using the silver epoxy quickly after it has been mixed.  
When the silver epoxy is used immediately after mixing, the slope of the anode polarization 
curve increases from 2.1 mV/(mA/cm
2
) to 3.4 mV/(mA/cm
2
), and an increase in slope signifies 
increased polarization losses.  Figure 3.14 shows that polarization losses increase drastically as 
the time between using mixing and use of the silver epoxy increases.  If the silver epoxy is mixed 
 
Figure 3.14. Anode polarization curves for three anodes before and after Kapton encapsulation.  Anodes should be 
bonded to metallized Kapton quickly after mixing and depositing silver epoxy onto metallized Kapton.  
Table 3.2. Increased time between mixing and bonding causes significant increases in anode polarization losses, as 
measured by the slope of the anode polarization curves. 
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and used two minutes later, the slope of the anode polarization curve increases ~112%.  If the 
waiting time is increased to 5 minutes, the slope of the polarization curves increases ~205%.  
 After anodes are encapsulated in Kapton, the anodes are then retested to uncover 
performance changes associated with Kapton encapsulation.  Kapton anodes are ~0.5 mm thick, 
while the anode half of the microfluidic fuel cell platform is ~0.5 cm thick.  Figure 3.15 shows 
that this reduction in thickness does not decrease performance; up to peak power density, the 
Kapton anode performs slightly better.  Individual electrode curves confirm that small 
performance changes are occurring on the anode.  A fuel cell with the polarization curve shown 
in Figure 3.15 would typically be operated at ~0.25 V, slightly below peak power, to avoid using 
boost converters and so that slight increases in current will actually increase power density.  At 
0.25 V, the Kapton anode performs slightly better (~10%) than the same anode prior to Kapton 
encapsulation. 
  
Figure 3.15. (a) Polarization and power density curves show that peak power density remains constant when 
encapsulating anodes in Kapton and utilizing a silver epoxy between the anode and metallized Kapton current 
collector.  Kapton encapsulation decreases the thickness of the anode half of a micro fuel cell from 0.5-cm to 0.5-
mm.  (b) Corresponding individual electrode curves confirm that all performance changes occur at the anode. 
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 Over a seven month period in which anodes and Kapton anodes were tested, one very 
interesting observation emerged: the cathode which was used for comparing the performance of 
anodes, did not have any significant polarization losses.  As shown in Figure 3.16, the slope of 
the cathode polarization curve over this seven month period remained at ~1.0 mV/(mA/cm
2
).  
This cathode was used heavily for weeks at a time, and then it would go unused for weeks at a 
time, but throughout all of this testing, it showed great durability.  This data indicates that the 
cathode hot-pressing procedure produces very durable cathodes. 
 
Figure 3.16. Cathode polarization curves show durability of one hot-pressed cathode over a period of 7 months.  
Cathode was used to test numerous anodes and its performance changes are very minimal.   
 
Table 3.3. Durability of one hot-pressed cathode over a period of 7 months.  The slope of the cathode polarization 
curves over the seven month period remains  at ~1.0 mV/(mA/cm
2
). 
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3.3.3 Kapton Cathode Characterization 
 Similar to Kapton anodes, Kapton cathodes are characterized using a half-Kapton, half-
microfluidic fuel cell platform.  Cathodes are tested initially in a microfluidic fuel cell platform, 
and then retested after being encapsulated in Kapton to determine performance changes.  Kapton 
cathodes are ~0.5 mm thick, while the cathode half of the microfluidic fuel cell platform is ~0.5 
cm thick.  Similar to anodes, Figure 3.17 shows that this reduction in thickness leads to minimal 
performance losses on the cathode (~10%).  Both cathodes tested here utilize Sigracet 25BC as 
an electrode backing layer.  The cathode with 3.0 mg/cm
2
 Pt/C experiences an 11.9% decrease in 
peak power density and the cathode with 6.0 mg/cm
2
 Pt/C experiences an 11.0% decrease in 
peak power density due to Kapton encapsulation. 
 The 6.0 mg/cm
2
 Pt/C Kapton cathode was also tested as a function of cell orientation (Figure 
3.18).  Traditionally, the half-Kapton, half-microfluidic fuel cell is operated with the anode 
above the cathode however, here the orientation was reversed and re-tested.  Both times that the 
cell was inverted, the performance did not change. 
 
Figure 3.17. (a) Polarization and power density curves for two cathodes before and after Kapton encapsulation.   
Peak power density decreases by ~10% due to encapsulating cathodes in Kapton and utilizing a silver epoxy 
between the cathode backing layer and the current collector, however, cell thickness decreases from 0.5 cm to 0.5 
mm by encapsulating cathodes in Kapton. (b) Corresponding individual electrode curves for cathodes and Kapton 
cathodes, using the same 7.0 mg/cm
2
 Pt/Ru anode. 
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 Similar to the cathode that used to test 
anodes over a period of seven months, several 
anodes were used to characterize cathodes 
over a period of tests.  Figure 3.19 shows 
polarization curves for one such anode that 
was used to test several cathodes over the 
period of 1.5 months.  The slope of this anode 
polarization curve remains at 1.3 
mV/(mA/cm
2
) over the 1.5-month period.  
Several other anodes were tested over similar 
periods of time without any noticeable 
polarization losses, however, fabrication needs prevented any anodes from being tested over a 
time period as long as the cathode shown in Figure 3.16.  
3.3.4 Complete Cell Studies 
 After individual electrodes are 
encapsulated in Kapton, complete all-
polymer fuel cells are assembled by 
bonding Kapton anodes and Kapton 
cathodes together.  Here, two complete 
cells are presented: one with mid-level 
performance, and one high-performing cell.  
All additional characterization studies are 
 
Figure 3.18. Polarization and power density curves for 
a Kapton cathode (6.0 mg/cm
2
 Pt/C, Sigracet 25BC).  
Kapton cathode performance is independent of cell 
orientation. Unless otherwise noted, the cell is operated 
with the cathode below the anode. Here, the cell was 
first tested with the cathode being above the anode. 
Then the cell was tested with the anode on top, and 
finally the cell was re-tested with the cathode on top. 
Performance does not change throughout the three tests. 
 
 
Figure 3.19. Anode polarization curves showing the 
durability of one anode over a period of 1.5 months. 
Anode was used to test various cathodes without any 
changes in performance. 
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completed with the high-performing cell.  Unless otherwise noted, both cells are operated with a 
fuel / electrolyte stream comprised of 1 M methanol / 1 M H2SO4 and a flow rate of 0.3 mL/min.  
The cathode is supplied with 10 sccm O2.  As shown in Figure 3.20, the cell with mid-level 
performance achieves a maximum power density of 4.9 mW/cm
2
.  The exact same electrodes 
which were encapsulated to create the mid-performing cell were also tested in the microfluidic 
 
Figure 3.20. (a) Polarization and power density curves for electrodes before (dashed line) and after (solid line) 
Kapton encapsulation. Complete all-polymer fuel cell achieves ~5 mW/cm
2
 maximum power density.  All-polymer 
fuel cell is about 10 times thinner than the traditional microfluidic fuel cell, and achieves only ~10% less power.   
(b) Corresponding individual electrode curves show that the majority of polarization losses occur on the cathode. 
 
 
Figure 3.21. (a) Polarization and power density curves for electrodes before (dashed line) and after (solid line) 
Kapton encapsulation. This high-performing all-polymer fuel cell achieves ~10 mW/cm
2
 maximum power density.  
Similar to the mid-performing cell, this all-polymer fuel cell is about 10 times thinner than the traditional 
microfluidic fuel cell, and achieves only ~10% less power. (b) Corresponding individual electrode curves show that 
the majority of polarization losses occur on the cathode. 
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fuel cell before being encapsulated.  As 
shown in Figure 3.20, those electrodes 
achieved a maximum power density of 5.6 
mW/cm
2
.  So by reducing the microfluidic 
fuel cell from ~1.0 cm thick to ~1.0 mm 
thick, performance drops approximately 
12.5%.  Consequently, by stacking ten 
polymer-based fuel cells, the stack will be as 
thick as the traditional microfluidic fuel cell, 
but it will provide almost eight times as 
much power.   
 Similarly, the high-performing cell achieves 9.7 mW/cm
2
 after Kapton encapsulation and 
10.9 mW/cm
2 
prior to being encapsulated in Kapton (Figure 3.21).  In this all-polymer fuel cell, 
the performance drop is only 11%.  In both all-polymer cells, individual electrode curves show 
that the majority of polarization losses occur at the cathode.  This suggests that Kapton cathodes 
may be hindered by less silver epoxy due to the oxidant window. 
 A comparison of the mid-level and high-performing all-polymer LFFCs shows that the lower 
performing cell is limited by anode performance (Figure 3.22). 
3.3.4.1 Performance as a Function of Oxidant 
 The fabrication process of a typical all-polymer LFFC occurred such that a Kapton cathode 
was bonded to a Kapton anode and then a Kapton oxidant flow chamber was added to the 
cathodic side of the cell.  Before the Kapton flow chamber was added, the all-polymer cell was 
first tested with a polycarbonate gas flow chamber and performance was compared as a function 
 
Figure 3.22. Individual electrode curves of two complete 
all-polymer fuel cell operating with 1 M methanol and 
10 sccm O2.  Mid-performing cell is limited by anode 
performance. 
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of oxidant.  Figure 3.23 shows polarization and power density curves when the cathode is 
supplied with O2 or air, and when the cathode is air-breathing.  Exposing the cathode to an air 
stream enhanced performance by ~30% over the air-breathing configuration.  Performance 
increased an additional ~70% by flowing oxygen over the cathode as opposed to air.  This 
performance increase is comparable to the 
60% increase observed by Jayashree et al. 
when switching from an air stream to an 
oxygen stream in a formic acid LFFC [13].  
Corresponding individual electrode curves 
(Figure 3.23b) show that the cathode 
overpotential drops 0.1 V when using air 
instead of O2, which accounts for the 
aforementioned performance drops. 
 Upon completion of these studies with a 
 
Figure 3.23. (a) Polarization and power density curves for an all-polymer LFFC operated with a polycarbonate gas 
flow chamber.  Comparison of Kapton fuel cell performance when cathode is air-breathing, air supplied, and O2 
supplied shows that oxygen cathodes achieve ~70% higher performance than air cathodes. (b) Corresponding 
individual electrode curves show that cathode overpotential drops 0.1 V when using air instead of O2. 
 
 
Figure 3.24. Cathode polarization curves comparing a 
Kapton flow chamber to a polycarbonate gas flow 
chamber for two different oxidants. Cathode 
polarization losses decrease when using Kapton flow 
chamber, due to improved sealing. Traditional 
polycarbonate gas flow chamber is sealed with binder 
clips. 
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polycarbonate gas flow chamber, a Kapton flow 
chamber was bonded to the all-polymer LFFC, 
and the cell was re-tested with oxygen and air.  
Figure 3.24 shows that the Kapton flow 
chamber outperforms the polycarbonate gas 
flow chamber for both oxidants, evidenced by a 
decreased slope of the cathode polarization 
curve.  This cathodic improvement is likely due 
to improved sealing.  The traditional 
polycarbonate gas flow chamber is sealed with 
binder clips, while the Kapton flow chamber is 
sealed with polymer system EP41S-1.  Binder 
clips do not provide a uniform seal and some of 
the oxidant will leak out between the Kapton 
cathode and the polycarbonate flow chamber. 
 While Kapton flow chambers provide 
cathodic performance improvements, they will 
not impact anode performance.  Therefore, 
overall cell performance should increase from 
that which was presented in Figure 3.23.  
However, in the time between experiments with 
the polycarbonate gas flow chamber and the 
Kapton flow chamber, the Kapton anode had 
 
 
 
Figure 3.25. (a) Polarization and (b) power 
density curves for the all-polymer fuel cell with a 
Kapton oxidant flow chamber.  (c) Corresponding 
individual electrode curves show that overall fuel 
cell performance has decreased due to anode 
degradation. 
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degraded.  This degradation may be due to poisoning of the anode electrocatalyst by 
intermediates and impurities that were not full flushed out of the cell after the polycarbonate 
flow chamber experiments [18].  Figure 3.25 shows the reduced performance of the all-polymer 
fuel cell after anode degradation.  Individual electrode curves show polarization losses occur 
solely on the anode. 
 While air contains roughly 20% oxygen, increasing the air flow rate by a factor of five does 
not yield the same performance as an oxygen cathode, because the air increased flow rate will 
still have the same concentration of oxygen.  As shown in Figure 3.26, performance is almost 
identical when the air flow rate is increased from 10 sccm to 50 sccm.    
3.3.4.2 Performance as a Function of Flow Rate 
 Performance of the all-polymer fuel cell was also characterized as a function of flow rate of 
the fuel/electrolyte stream.  Flow rate studies were first completed with a polycarbonate gas flow 
chamber, and then verified with a Kapton flow chamber.  Flow rates were varied from 0.3 to 1.5 
mL/min with oxidant flow rates of 10 sccm.  Using the polycarbonate flow chamber and air, 
 
Figure 3.26. (a) Polarization and power density curves, and (b) corresponding individual electrode curves for an all-
polymer LFFC operated with a polycarbonate gas flow chamber.  Increasing the air flow rate beyond 10 sccm does 
not improve fuel cell performance.  
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Figure 3.27 shows minimal changes due to flow rates.  Higher flow rates may perform slightly 
better near peak power densities, but a fuel cell would typically be operated below peak power 
density, where all three curves overlap.  Similar results are obtained by flowing oxygen through 
the polycarbonate flow chamber, as shown in Figure 3.28.  Higher flow rates may achieve 
slightly higher performance near maximum power densities, however, the decreased fuel 
utilization associated with higher flow rates is a significant drawback for a commercial portable 
 
Figure 3.27. (a) Polarization and power density curves, and (b) corresponding individual electrode curves for an all-
polymer LFFC as a function of flow rates varying from 0.3 to 1.5 mL/min.  All-polymer fuel cell is operated with 10 
sccm air flowing through a polycarbonate gas flow chamber.  Performance is nearly independent of flow rate. 
 
 
Figure 3.28. (a) Polarization and power density curves, and (b) corresponding individual electrode curves for an all-
polymer LFFC as a function of flow rates varying from 0.3 to 1.5 mL/min.  All-polymer fuel cell is operated with 10 
sccm oxygen flowing through a polycarbonate gas flow chamber.  While performance may increase slightly due to 
higher flow rates, the performance increase does not outweigh the decreased fuel utilization. 
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power source [19-21].  For this reason, a fuel/electrolyte flow rate of ~0.3 mL/min should be 
used for a commercial design of the all-polymer LFFC.  
 Flow rate experiments were then confirmed with a Kapton flow chamber bonded to the all-
polymer fuel cell.  As expected, results with air (Figure 3.29a,b) and with oxygen (Figure 
3.29c,d) show that performance is independent of fuel/electrolyte flow rate.  These results are 
consistent with previous work done by Hollinger et al. with a methanol LFFC [22]. 
 
 
Figure 3.29. (a) Polarization and power density curves, and (b) corresponding individual electrode curves for an all-
polymer LFFC operated with 10 sccm air for a variety of flow rates. (c) Polarization and power density curves, and 
(d) corresponding individual electrode curves for an all-polymer LFFC operated with 10 sccm oxygen for a variety 
of flow rates.  Kapton gas flow chamber is bonded to cathodic side of the all-polymer fuel.  Performance is nearly 
independent of flow rate. 
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3.3.4.3 Cell Orientation Studies 
 For this all-polymer fuel cell to be integrated into a future portable power device (i.e., cell 
phone, camera), it is important that cell performance is independent of the three-dimensional 
position of the portable power device.  Here, the all-polymer fuel cell is tested in two different 
orientations: first, with the anode above the cathode (orientation used for all cell studies unless 
otherwise noted), and secondly, with the cathode above the anode.  Figure 3.30 shows that 
performance of the all-polymer fuel cell is independent of the fuel cell’s orientation.  More in-
depth studies will be needed to confirm that performance is completely independent of 
orientation, but these studies show promising results. 
3.4 Conclusions and Future Considerations 
 In summary, the all-polymer fuel cell presented here has been characterized as a function of 
oxidant, fuel/electrolyte flow rate, as well as cell orientation.  Anodes and cathodes have been 
optimized for this thin cell by using Sigracet 25BC as an electrode backing layer.  Studies with 
the novel half-Kapton, half-microfluidic platform show the importance of hot-pressing electrodes 
 
Figure 3.30. (a) Polarization and power density curves, and (b) corresponding individual electrode curves for an all-
polymer LFFC operated with a polycarbonate gas flow chamber.  The fuel cell is typically operated with the cathode 
below the anode. Here, the cell was first tested as usual, then the cell was tested with the cathode on top, and finally 
the cell was re-tested with the anode on top. Performance does not change throughout the three tests. 
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and using a silver epoxy between the electrode backing layer and the metallized Kapton current 
collector.  Performance changes due to Kapton encapsulation have also been characterized with 
the half-Kapton, half-microfluidic fuel cell platform.  Cathodes and anodes exhibit notable 
durability over the timeframe of testing Kapton anodes and Kapton cathodes, respectively. By 
stacking ten all-polymer LFFCs, the stack will be as thick as a traditional LFFC (~1.0 cm thick), 
but will provide almost eight times as much power.  Characterization of this all-polymer cell will 
help to further the development of future fuel cell stacks for portable applications. 
 Future efforts to improve this all-polymer fuel cell’s viability as a future power source should 
start with scaling out to a multichannel design with manifolds (Figure 3.31).  In this design, 
manifolds distribute fuel and oxidant to three parallel channels to increase active area without 
increasing the dimensions of the all-polymer fuel cell.  Upon successful scaling out, fuel cells 
 
Figure 3.31. Schematic of a multichannel design for an all-polymer fuel cell. Scaling out with manifolds, followed 
by stacking of scaled-out cells will further improve fuel cell viability for portable power applications. 
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can then be stacked to increase power output.  An initial target for power output is ~500 mW.  
This power level would be enough to power a cell phone [23].  The current all-polymer LFFC 
produces ~10 mW/cm
2
 with an active catalyst area of 2 cm
2
, equating to ~20 mW of power.  By 
creating a manifold which distributes fuel over a 4 x 2.5 cm
2
 area, one fuel cell based on the 
principle of this all-polymer LFFC would produce ~100 mW.  By stacking five of these cells, a 
0.5-mm thick fuel cell stack would produce ~500 mW, enough to power a cell phone.  Based on 
the 125-µm fuel / electrolyte channel used in this single-channel design, pumping requirements 
are currently on the order of µW, however, parasitic pumping losses will increase if this design is 
scaled out with even thinner Kapton sheets. 
 Future efforts to improve the manufacturability of this all-polymer LFFC would start with 
spray deposition of catalyst inks to automate loadings and improve catalyst uniformity [24].  
Hand-painting electrodes can cause significant catalyst clustering and scattering, which will be 
discussed in Chapter 4.  Additionally, the atmospheric plasma system could be integrated with a 
transfer printing setup (Center for Nanoscale Chemical-Electrical-Mechanical Manufacturing 
Systems, Urbana, IL) to further automate manufacturing [25]. 
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Chapter 4 
Electrohydrodynamic-jet Deposition of Fuel Cell Catalysts 
4.1 Introduction 
 Some of the most common catalyst deposition techniques for fuel cell electrodes include 
hand-painting, spraying, and electrodeposition [1-2].  Hand-painting is widely used for small-
scale fuel cell experiments due to its processing simplicity.  In this technique, catalyst inks are 
prepared by mixing the desired amount of catalyst, binder, and solvent.  Catalyst inks are then 
deposited onto an electrode backing layer via a fine-tipped brush.  Spray deposition has higher 
demands in terms of equipment and is more commonly used in industry than in academia.  This 
technique utilizes a stream of fast moving air to pull catalyst ink from a connected reservoir.  The 
high velocity air atomizes the catalyst ink and directs it onto an electrode backing layer.  In 
contrast to the physical methods used for hand-painting and spraying, electrodeposition is a 
technique in which metal catalyst is deposited onto an electrode backing layer via an electric 
field.  In this technique, the metal catalyst and electrode backing layer are both immersed in an 
electrolyte solution.  Current is supplied to the metal catalyst, oxidizing the metal atoms that 
comprise it and allowing them to dissolve into the electrolyte solution.  The dissolved metal ions 
are then reduced onto the surface of the electrode backing layer. 
 In the Kenis research group, fuel cell electrodes are traditionally fabricated by hand-painting 
a catalyst ink onto a gas diffusion electrode (GDE) and allowing the solvent to evaporate [3-6].  
However, electrodes that are prepared via this technique do not always have a uniform 
distribution of catalyst, due to the variability associated with hand-painting (Figure 4.1).  This is 
a concern as uneven catalyst layer distribution leads to lower than expected electrode performance.  
Thusly, to maintain expected electrode performances, catalyst loadings must be increased to 
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provide sufficient catalytic activity when the catalyst layer is non-uniform.  However, given the 
limited availability and high cost of platinum (Pt), the most widely-used catalyst for fuel cells, 
increasing catalyst loadings is rather unattractive.  To this end, many studies have been directed 
towards minimizing [7-9] and even eliminating [10-15] Pt content in fuel cell catalysts without 
sacrificing performance.  In Pt-based fuel cell catalysts, uniform deposition is most important to 
minimizing catalyst loadings because homogeneous catalyst layers facilitate maximum 
utilization of the platinum. 
 Here, electrohydrodynamic-jet (e-jet) deposition of Pt-based fuel cell catalysts is 
demonstrated as a technique for achieving uniform catalyst distribution on microelectrodes.  
During e-jet deposition, a fine jet of ionized liquid is emitted from a metallized capillary by 
 
Figure 4.1. Optical image (top) and MicroCT images (bottom) show non-uniform deposition of catalyst layer via 
hand-painting.  Catalyst accumulates near the edges of the catalyst layer and is scattered in the center of the catalyst 
layer.  The magnification is 20x and a resolution of 1 pixel = 1.078 μm. MicroCT images courtesy of Molly Jhong 
and Fikile Brushett. 
65 
 
applying a large potential between the capillary and a grounded substrate [16-19].  More details 
on this deposition technique are described in Chapter 5.1.  The high resolution capabilities of e-
jet deposition are attractive for micro-fuel cells, such as the μLFFC presented by López-
Montesinos et al. [20].  A similar electrospray method was demonstrated by Martin et al., on a 
larger scale, to generate catalyst layers with a high dispersion of the catalyst [9]. 
4.2 Experimental 
4.2.1 Catalyst Ink Preparation 
 Catalyst inks deposited via hand-painting are typically comprised of 2 mg Pt/C (50:50 atom 
wt% alloy, Alfa Aesar), 1.6 μL liquid Nafion, 200 μL Millipore water (18.2 MΩ), and 200 μL 
isopropyl alcohol.  However, this recipe for catalyst ink is much too viscous for e-jet nozzles 
(diameters of 10 μm or less) and will quickly clog nozzles during operation.  To address this 
synthesis challenge, additional solvent (~2 mL) was added to the suspension to further disperse 
the solid Pt/C particles.  For all deposition studies reported here, the catalyst ink was comprised 
of 2 mg Pt/C, 1.6 μL liquid Nafion, 1500 μL Millipore water, and 500 μL isopropyl alcohol.  The 
catalyst inks were sonicated (Branson 3510) for one hour to obtain a uniform mixture, before 
beginning e-jet deposition. 
4.2.2 Nozzle Preparation 
Glass capillaries used for e-jet deposition are commercially available from World Precision 
Instruments.  Capillaries are rendered conductive by sputter coating (Denton Vacuum, Desk II 
TSC) Au/Pd onto the glass surface.  Multiple capillaries (~10) were coated simultaneously for 
150 s, resulting in a 20 nm thick film of Au/Pd on each of the capillaries.  A hydrophobic coating 
was then deposited onto the nozzles by exposing them to a liquid solution of 
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3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluor-1-decanthiol (Sigma-Aldrich) for 15 
minutes.  This hydrophobic coating prevents catalyst inks from drawing up the outsides of the 
nozzles.  Air was then blown through the nozzles to ensure that excess hydrophobic solution was 
removed.  Nozzles are ready for use immediately after the hydrophobic coating process has been 
completed. 
4.2.3 Single Nozzle E-jet Testing 
The hydrophobic, metal-coated capillaries are first 
connected (Luer lock) to a syringe barrel (3cc, 
Engineered Fluid Dispensing Inc.) that is fixed above a 
computer-controlled stage, capable of movement in 
three linear directions x, y, and z, and two tilt axes, u 
and a.  The tilt axes are not needed for single-nozzle 
experiments, but are used to ensure parallelism 
between nozzles and a substrate during multiple-nozzle 
experiments.  The resolution of the x and y axes is 0.1 µm and the z axis is 1.0 µm.  For the 
deposition studies reported here, the nozzles are all 10 µm in diameter.  The substrate is a gold-
coated glass slide which is held in place by vacuum mount attached to the five-axis stage.  
Catalyst ink is introduced into the syringe and then forced to the tip of the nozzle via an 
externally controlled pressure actuator.  Typical pressures required to form a meniscus with the 
catalyst ink are less than 1.0 psi.  A CCD camera is used to visualize meniscus formation (Figure 
4.2) and subsequent deposition.  A high voltage power supply, controlled by a computer, 
regulates the potential applied between the metal-coated capillary and the grounded substrate.  
Once printing is observed, the stage can be moved to create deposition patterns as desired. 
 
Figure 4.2. Example of a meniscus at the 
tip of an Au/Pd-coated glass capillary 
during operation. 
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4.3 Results and Discussion 
4.3.1 Catalyst Deposition in 1-D and 2-D 
 Using this e-jet technology, catalyst deposition is shown to be successful in one- and two-
dimensional patterns.  Figure 4.3a shows a two-dimensional pattern created by depositing 
catalyst ink onto a gold-coated glass slide.  The lines are deposited at a 20 μm standoff height 
and the voltage applied to the nozzle was 500 V.  The printed pattern was formed by 
continuously printing from the fixed capillary while the substrate was moved beneath it at a rate 
of 0.0015 mm/s.  The catalyst layer is rather uniform at ~3 μm in width (Figure 4.3b). 
4.3.2 Effect of Potential on Catalyst Deposition 
The images of Figure 4.3 clearly show the ability to utilize the high resolution capabilities of 
single-nozzle e-jet printing for catalyst deposition in mico-fuel cells.  However, deposition times 
 
Figure 4.3. (a) Representative 2-D pattern of catalyst deposition onto a gold substrate.  Catalyst is printed from the 
upper nozzle in the image.  The lower nozzle is the image of the capillary reflected off of the gold substrate. (b) 
Catalyst deposition is rather uniform at ~3 µm in width. 
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are still rather long, even when electrode areas are on the order of 1 mm
2
 or less.  Based on the 
deposition conditions used to produce the pattern shown in Figure 4.3, depositing catalyst over a 
500 x 500 μm2 area would take approximately 15 hours.  In an effort to overcome this challenge, 
catalyst deposition was studied as a function of the potential applied between the capillary and 
substrate.  Additionally, substrate speed was increased to reduce deposition times. 
Figure 4.4 shows a pattern of catalyst lines that are printed at various potentials.  The 
standoff height between the capillary and substrate was 30 μm.  The substrate was moved 
 
Figure 4.4. (a) Catalyst deposited at 550 V, 525 V, and 500 V. (b) Catalyst deposited at 500 V, 475 V, and 450 V. 
(c) Catalyst deposited at 530V, 530 V, and 535 V.  Thickness of deposited line decreases with increased potential up 
to ~535 V.  550 V appears to be the onset of the e-jet spraying mode in which multiple jets form, culminating in a 
wide stream of catalyst ink leaving the nozzle.  
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beneath the fixed capillary via a computer-
controlled stage at a rate of 0.0025 mm/s.  
Results show that small potentials (< 500 V) 
result in wide printed lines, which will in turn 
decrease catalyst deposition times for fuel 
cell electrodes.  At 450 V, printed catalyst 
lines are ~10 μm in diameter (Figure 4.5).  
With these deposition conditions, catalyst 
could be deposited onto a 500 μm by 500 μm 
electrode in 2.75 hours.  Typical hand-painting times for electrodes fabricated in the Kenis group 
are between one to five hours [21-22]. 
Figure 4.4 also suggests that higher potentials (> 550 V) may induce spraying of catalyst ink 
from the capillary.  This spraying phenomenon is a mode of e-jet printing in which multiple jets 
form, culminating in a wide stream of liquid leaving the capillary [16,23].  Future efforts to 
explore this spraying mode may result in further reducing deposition times. 
4.4 Conclusions and Future Considerations 
Here we demonstrate a high resolution technique for fuel cell catalyst deposition.  E-jet 
deposition of catalyst has been demonstrated in 1-D and 2-D and has been studied as a function 
of applied potential.  For electrodes with areas less than 1 mm
2
, deposition times are on the order 
of a few hours, which compares well with traditional hand-painting deposition times.  Future 
efforts to link e-jet catalyst deposition to micro-fuel cell performance would be very valuable.  
Future efforts to explore deposition in spray mode may reduce deposition times even further 
while also making this technique practical for microelectrodes with areas larger than 1 mm
2
. 
 
Figure 4.5. Catalyst deposition at 450 V, a standoff 
height of 30 µm, and a substrate speed of 0.0025 
mm/s yields lines ~10 µm in width. 
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Chapter 5 
Multiple Nozzle Electrohydrodynamic-jet Printing 
5.1 Introduction 
 Printing approaches used in the graphic arts, especially ink-jet printing, have recently become 
of interest for high-resolution manufacturing applications in electronics, biotechnology, and 
microelectromechanical systems.  Unfortunately the resolution of ink-jet techniques is typically 
~20–30 μm in best case scenarios [1].  Electrohydrodynamic-jet (e-jet) printing is an attractive 
alternative to ink-jet printing as a nanomanufacturing platform.  While ink-jet printing typically 
results in printed spots with diameters comparable to the nozzle from which they were ejected, e-
jet allows for much smaller sized printed droplets (<1 μm) as a result of electrostatically induced 
focusing that takes place at the tip of the ink meniscus prior to deposition [2].  During e-jet 
printing, a fine jet of ionized liquid is emitted from a metallized capillary by applying a large 
potential across the fluid column [3-5].  The applied potential causes charges within the ink to 
accumulate into a liquid meniscus at the tip of 
the capillary.  The accumulation of charge results 
in the meniscus forming a Taylor cone shape.  
When the electric field is high enough, the 
electrostatic repulsion at the tip of the capillary 
will overcome the hydrodynamic forces, 
expelling the charged liquid.  Choi et al. [6] 
proposed the following relationship for the 
frequency of jetting, f, in terms of potential, V, 
 
Figure 5.1. Schematic illustrating single nozzle e-jet 
printing.  Potential is applied between liquid-filled 
capillary and substrate.  Electric field causes charges 
to accumulate into a liquid meniscus.  Electrostatic 
forces overcome surface tension to expel charged 
liquid. 
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and standoff height, h: 
   (
 
 
)
 
 
 5.1 
where K is a scaling constant dependent on the viscosity of the ink, the nozzle diameter, applied 
back pressure, and permittivity of free space.  The printing process used by Park et al. [2] is 
shown in Figure 5.1. 
 While promising in concept, robust e-jet printing systems are still in their infancy.  E-jet has 
typically been performed using single capillaries as the fluid carrier [2,7-9], however, printing 
speeds are rather slow and printing different inks requires syringe changes and realignment.  
Scaling to a multinozzle e-jet printing scheme would enable higher throughput as well as the 
ability to print different inks simultaneously.  The goal of this project is to demonstrate an 
integrated printing toolbit, consisting of an array of three individually addressable e-jet nozzles 
microfabricated in a silicon wafer, and a microfluidic layer for the delivery of ink to each 
separate nozzle (Figure 5.2).  The integration of a microfluidic network and an array of 
individually addressable nozzles with current e-jet technology will increase throughput and 
 
Figure 5.2. Schematic illustrating multinozzle e-jet printing setup. Si nozzle layer is fixed above a 5-axis stage.  
PDMS microfluidic layer delivers ink to each of the three individual nozzles. 
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Figure 5.3. First generation nozzle 
design with pyramidal architecture. 
The nozzle tip is opened with a 
focused ion-beam laser. 
eventually allow for the simultaneous deposition of multiple ink types on a single substrate with 
spot sizes in the micron regime. 
The work for this project is an interdisciplinary collaboration of several research groups here 
at the University of Illinois.  Bonjin Koo, from Prof. Placid Ferreira’s group in Mechanical 
Science and Engineering, fabricated the silicon-based nozzle array.  Several collaborators from 
Prof. Andrew Alleyne’s group in Mechanical Science and Engineering as well as from Prof. John 
Rogers’ group in Materials Science and Engineering have optimized the printing process and 
explored new applications for e-jet technology [9-11].  The work completed for this dissertation 
was to fabricate the microfluidic layer for delivery of inks to the nozzles and to test the 
multinozzle toolbit with Bonjin Koo and Dr. Sandipan Mishra. 
5.2 Experimental 
5.2.1 Silicon-based Nozzle Array Fabrication 
Fabrication of the silicon-based nozzle array was carried 
out using standard MEMS fabrication procedures.  Nozzles 
were originally microfabricated in a pyramidal design [12] 
(Figure 5.3) due to ease of fabrication, but a second generation 
design led to cylindrical nozzles which more closely resemble 
single capillaries used previously [2] (Figure 5.4).  Cylindrical 
nozzle openings can be created in parallel during the course of 
normal fabrication steps, while first-generation pyramidal nozzles had been created serially with 
a focused ion-beam laser after microfabrication steps had been carried out.  Consequently, the 
throughput in the fabrication of cylindrical devices is higher than the original pyramidal devices.   
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Figure 5.4. Second generation design of silicon-based nozzle array.  Three individual nozzles with mesas, which 
provide mechanical rigidity for the fragile nozzles, while still allowing them to protrude sufficiently from the 
substrate. 
Figure 5.5a shows a schematic of a cylindrical nozzle with relevant dimensions.  The 
diameter of the nozzle (10 µm) is comparable to the diameters of capillaries (1 – 30 µm) 
commonly used for single-nozzle e-jet printing.  Gold electrodes were sputtered on the outside of 
the nozzles so that each nozzle could be addressed individually (Figure 5.5b).  The complete 
process sheet for the silicon multinozzle array can be found in Appendix B.  
 
Figure 5.5. (a) Schematic of a cylindrical nozzle. (b) Schematic of electrodes. Electrodes are on the same side of 
the silicon die as the nozzles. 
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Figure 5.6. (a) Schematic of channel design for delivery of ink to the nozzles. Inlet channels are 400 µm wide and 
outlet channels are 40 µm wide. (b) Optical image of microfluidic layer (PDMS) aligned to nozzle interconnects 
and filled with sample fluids. (c) Optical image of assembled toolbit for e-jet printing. 
 
5.2.2 Microfluidic Layer Fabrication 
The microfluidic layer is fabricated in polydimethyl-siloxane (PDMS) because PDMS is 
inexpensive, very easy to use, and is optically transparent.  The design of this layer enables each 
of the three nozzles to be addressed individually.  The microfluidic layer was fabricated with 
standard soft lithography techniques [13-14].  The channel pattern is defined in a 50-μm thick 
SU-8 negative photoresist on a 3-inch silicon wafer by standard lithographic procedures (Figure 
5.6a).  Liquid PDMS prepolymer is mixed with a crosslinking agent in a 10:1 ratio and then 
degassed to remove residual bubbles created during mixing.  The degassed, polymer mixture is 
poured over the silicon master and then allowed to cure at 70°C in a convection oven (VWR 
International).  The cured mold is then cut away from the silicon master and fluidic access holes 
are punched into the elastomer using a blunt tip needle.  The microfluidic layer filled with three 
sample fluids is shown in Figure 5.6b. 
5.2.3 Assembly of Multiple Nozzle E-jet Toolbit 
Two fluidic designs are employed depending upon the ink that is to be printed.  When 
inviscid inks are used, the design in Figure 5.6a is employed to enable quick cleaning and easy 
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re-use of the Si dies.  In this design, a vacuum microaligner is used to align the PDMS mold to 
the SiO2 toolbit layer and the two are brought into contact and reversibly bonded to each other.  
The vacuum channel is then used to fix the PDMS mold to the SiO2 toolbit layer during printing.  
When viscous inks are used, the seal between the PDMS mold and the SiO2 toolbit layer must be 
able to withstand the large back pressures required to deliver the ink to the nozzles.  In this 
situation, the design in Figure 5.6a is modified by removing the vacuum channel.  Instead, the 
PDMS mold and the SiO2 toolbit layer are aligned using a custom built three-axis microaligner.  
With the mold and toolbit layer held slightly apart but still fixed in the microaligner, the entire 
setup is placed in an RF plasma chamber (Harrick) and exposed to an oxygen plasma at 200 
Watts and 700 mTorr for 45 seconds.  The plasma activates the surfaces, resulting in the 
formation of several excess OH
-
 groups on the surfaces.  Immediately following this treatment, 
the two surfaces are brought into contact and irreversibly bonded to each other.   The completed 
device is shown in Figure 5.6c. 
5.2.4 Testing of Multiple Nozzle E-jet Toolbit 
Roughly one hour prior to printing, a hydrophobic coating was deposited onto the nozzles by 
exposing them to a liquid solution of 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluor-1-
decanthiol (Sigma-Aldrich) for 15 minutes.  This hydrophobic coating prevents inks from 
drawing up the outsides of the nozzles, as most inks have a propensity to do so.  Air was then 
blown through the nozzles to ensure that excess hydrophobic solution was removed.  Nozzles are 
ready for use immediately after the hydrophobic coating process has been completed.   
Figure 5.7 shows the experimental setup used to test the multiple nozzle e-jet toolbits.  The 
toolbit was held in place by a fixed vacuum mount.  Below the toolbit, the substrate is held in 
place by a vacuum mount attached to a computer-controlled stage, capable of movement in three 
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linear directions x, y, and z, and two tilt axes, u and a.  The tilt axes help ensure parallelism 
between the toolbit and the substrate.  The resolution of the x and y axes is 0.1 µm and the z axis 
is 1.0 µm.  The substrate is a gold-coated glass slide.  Ink is introduced to the PDMS 
microfluidic layer via a 0.022 in diameter polyethylene tube which is connected (Luer lock) to a 
syringe barrel (3cc, Engineered Fluid Dispensing Inc.).  Ink is forced through the syringe by an 
externally controlled pressure actuator.  Typical back pressures required to induce printing are 
between 0.2 psi and 10 psi.  A high voltage power supply, controlled by a computer, regulates 
the potential applied between the nozzles and the grounded substrate.  Finally, a CCD camera is 
used to visualize printing. 
Typical printing was carried out as follows: (i) the toolbit and substrate are mounted, (ii) the 
 
Figure 5.7. (a) Experimental setup for multiple nozzle e-jet printing.  The toolbit is held fixed in place above an 
electrically grounded substrate.  The substrate is fixed to a computer-controlled 5-axis stage.  Ink is forced through 
the PDMS fluidic layer by an external pressure controller.  Printing is verified visually by observing the nozzle and 
substrate with a CCD camera.  (b) Close-up view of visualization.  A back light provides light for visualizing at ~50 
µm standoff height.  (c) Schematic of gold-coated substrate used for printing. 
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Figure 5.8. Printing with multinozzle e-jet 
toolbit. Charge accumulation in liquid 
meniscus forms Taylor cone shape. 
fluidic and electrical lines are connected, (iii) the CCD camera and back light are aligned for 
good visualization of the nozzles, (iv) the substrate is raised to a desired standoff height, (v) back 
pressure is applied to fill ink through the PDMS fluidic layer, (vi) once ink begins to flow out of 
the exit channels, the exit channels are closed off to force the ink to the nozzle tip, forming a 
meniscus, and (vii) the power supply is turned on and voltage is slowly increased until printing is 
observed.  At this point, the stage can be moved to create printed patterns as desired. 
5.3 Results and Discussion 
5.3.1 Multiple Nozzle E-jet Toolbit Construction 
 As stated in Chapter 5.2, the toolbit created here consisted of a silicon layer in which the e-jet 
printing nozzles were formed, and a poly(dimethylsiloxane) (PDMS) layer defining the 
microfluidic channels.  Fabrication of the nozzle layer was carried out by Bonjin Koo using 
standard MEMS fabrication procedures (Appendix B).  The PDMS microfluidic layer was 
fabricated and bonded to the silicon layer by the author.  Integrated e-jet printing toolbits were 
fabricated in this procedure and used to print a variety of inks and patterns.  Experimental testing 
was carried out by the author, in collaboration with Bonjin Koo and Dr. Sandipan Mishra. 
5.3.2 Meniscus Formation 
 In contrast to the first generation pyramidal 
design, the second generation cylindrical design 
compares much better with the single capillary e-jet 
work done previously.  Figure 5.8 shows the 
progression of Taylor cone formation for one 
cylindrical nozzle of the integrated toolbit, which 
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Figure 5.9. Comparison of (a) 1.0 psi  and (b) 0.1 
psi  back pressures when printing NOA 74. 
 
Figure 5.10. Optical image shows that Taylor 
cone shape is not achieved at low potentials.   
compares well with single nozzle work [2].  
Balancing the applied back pressure is important 
for printing with these microfabricated nozzles, 
as too much pressure can cause splashing of 
printed droplets (Figure 5.9), but too little 
pressure will hinder meniscus formation at the 
nozzle tip.  Electrostatic forces must also be 
uniquely balanced for each printing attempt.  As 
shown in Figure 5.10, at low potentials, gravity is 
the force that overcomes surface tension, leading 
to much larger spot sizes.  In contrast, when 
electrostatic forces focus meniscuses into the 
Taylor cone shape, much smaller spot sizes can 
be achieved.  
Ultimately, the most important step for successfully focusing menisci into the Taylor cone 
shape and then inducing printing, is parallelizing the Si die and the Au-coated substrate.   When 
the plane of the Si die is not parallel to the plane of the gold-coated substrate, arcing often occurs 
in the region where the die and substrate are closest (Figure 5.11a).  One design improvement to 
address this challenge involved reducing electrode areas significantly (Figure 5.11b) from the 
initial electrode areas which were rather large, providing large surface area for arcing to occur.  
An additional printing change was made as well.  When initially setting a standoff height, tilt 
axes, u and a, were disabled and the substrate was brought in contact with the Si die.  The mesas 
in the four corners of the Si die protect the nozzles during this alignment step.  Once the die and 
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Figure 5.12. 1-D printed lines of Ag ink using the 
multinozzle toolbit.  The applied potential was 700 V 
and the standoff height between the nozzle tip and 
the substrate was 50 µm. 
substrate are in contact, tilt angles are recorded.  At this point, tilt axes are turned on and set to 
the recorded values.  Finally, the z-axis can be moved to the desired standoff height for printing. 
5.3.3 Printing Results in 1-D 
 Printed lines were formed by continuously printing from the fixed e-jet nozzle while the 
substrate was being moved beneath it by the five-axis, computer-controlled stage.  Figure 5.12 
shows printed lines of Ag ink (Ag 15 wt.%, InkTec Co., Ltd.) printed on a gold-coated glass 
slide.  The voltage applied to the nozzle was 
700 V and the standoff height was 50 µm, with 
a back pressure of 0.1 psi while printing.  Line 
widths decrease from 50 to 30 µm by increasing 
substrate speed from 0.04 to 0.06 mm/s.  
Starting and stopping is a challenge due to the 
substrate motion pattern being initiated slightly 
after printing commenced and being stopped 
slightly after printing completed.  Excluding 
 
Figure 5.11. (a) Arcing can severely damage Si toolbit, (b) Improvements in electrode design (shown from left to 
right) to reduce electrode area and minimize potential for arcing to occur. 
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Figure 5.14. PDMS residue on Si layer, due to irreversible 
plasma bonding, requires use of hydrofluoric acid to etch oxide 
layer, removing residue with it. 
 
Figure 5.13. (a) Ag ink clogs PDMS channels due to organic 
solvent in ink and (b) Nafion ink dries quickly, leaving residue 
in microfluidic channels.  Both inks clog channels even when 
water is flushed through the channels after printing is complete. 
start and stop, printed lines are quite 
uniform and little splashing is 
observed. 
 One of the biggest challenges for 
recurring printing is clogging of the 
nozzles and PDMS channels.  As 
shown in Figure 5.13, Ag ink and 
Nafion ink clog PDMS channels 
even when water is flushed through 
after printing completes.  This 
challenge can only be overcome by 
cleaning dies frequently and re-
bonding fresh PDMS microfluidic 
layers.  When vacuum sealing is 
used, the PDMS layer is easily 
removed from the Si substrate, but 
when the PDMS layer is plasma 
bonded to the Si die, PDMS residue 
may remain on the Si layer due to strong irreversible bonding (Figure 5.14).  However, this 
residue must be removed so that PDMS microfluidic layers can again be bonded to the Si die.  
To fully clean the Si layer, hydrofluoric acid is used to etch the oxide layer on the Si dies, 
removing the PDMS residue with it, and then the oxide layer can be deposited again.  
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Figure 5.15. Array of printed spots of silver ink on a gold substrate.  The applied potential was 450 V and the 
standoff height between the nozzle tip and the substrate was 50 µm.  Printing frequency is not consistent but spot 
sizes are uniform at ~30 µm. 
5.3.4 Printing Results in 2-D 
 Figure 5.15 shows a 2-D array of printed spots of Ag ink.  Droplets were printed on a gold-
coated glass slide at 450 V and a standoff height of 50 µm, without any back pressure.  The 
printed spots are consistent at ~30 µm in diameter however, printing frequency is a challenge.  
While the substrate and the nozzles may initially be in parallel planes, the substrate can only be 
moved along that plane to ensure constant standoff height during 2-D printing.  To address this 
challenge, a ‘Transform’ function was programmed into the LabView virtual instrument.  After 
users enter a command for substrate motion in a certain direction, the ‘Transform’ function is 
intended to adjust all other axes accordingly to maintain motion along the initial plane of the 
substrate.  While promising in concept, this function never seemed to work accurately enough to 
maintain a constant printing frequency. 
5.4 Conclusions and Future Considerations 
 Electrohydrodynamic-jet printing offers a promising alternative to the resolution limits of 
ink-jet technology for nanomanufacturing applications.  This chapter discussed a collaborative 
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effort to transfer the printing capabilities single capillary e-jet printing to a multinozzle toolbit.  
This toolbit consisted of three individually addressable nozzles microfabricated in a silicon 
wafer, combined with a microfluidic layer for delivery of the ink to each nozzle.  Successful 1-D 
and 2-D printing were demonstrated with a silver ink, however printing frequency in 2-D 
patterns is not consistent.  While the full capabilities and usefulness of this multinozzle toolbit 
have not yet been demonstrated, Barton et al. are pursuing a multi-syringe e-jet platform to 
demonstrate the usefulness of printing multiple inks simultaneously [15]. 
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Chapter 6 
Summary of Accomplishments and Future Directions 
6.1 Summary of Accomplishments 
In the field of microfluidics, significant research effort has focused on developing integrated 
multifunctional devices which incorporate multiple fluidic, electronic, and mechanical 
components and chemical processes onto a small chip [1].  Since the inception of these devices, a 
trend towards increased integration and system complexity has led to the development of highly 
integrated microchemical systems for a broad range of applications [2].  In recent years, 
polymers have assumed a leading role as substrate materials for these integrated devices [3-6].  
Looking forward, the development of polymer-based manufacturing technologies is crucial to the 
commercial advancement of microfluidic platforms for a variety of applications [7-8]. 
In the field of fuel cells, membrane-based direct methanol fuel cells (DMFCs) and direct 
formic acid fuel cells (DFAFCs) have been investigated as efficient high energy density power 
sources for portable power applications [9-14].  While DMFCs and DFAFCs have experienced 
moderate success in niche applications, the performance of membrane-based fuel cells is 
typically limited by membrane-related issues, mainly water management and fuel crossover [15-
16].  A desire to eliminate these membrane constraints led to the development of laminar flow-
based fuel cells (LFFCs) [17-20].  Transitioning from proof-of-concept unit cells to a 
commercial multichannel system is a present challenge in this field.  Herein, this dissertation has 
addressed the development of polymer-based manufacturing technologies for LFFCs.  The focus 
of this portion of the doctoral work is two-fold: 
The polymer-based LFFC reported here was designed and manufactured to eliminate 
heavy clamping constructions needed in traditional fuel cell stacks, enabling thinner, 
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lighter fuel cells that are attractive for portable applications.  In contrast to traditional fuel 
cell manufacturing, this cell was designed with thin polyimide layers that are patterned via laser 
ablation.  Layers were bonded via a heat-curing adhesive that is chosen for its excellent chemical 
resistance to fuels and highly acidic environments.  The complete cell was ~1 mm thick or about 
one order of magnitude thinner than a traditional LFFC.   
Characterization of this all-polymer fuel cell focused on the performance changes 
associated with our alternative approach to electrode / catalyst integration.  Performance of 
individual electrodes was initially investigated using a microfluidic fuel cell platform [21-22] to 
study optimum catalyst / electrode backing layer combination as well as individual electrode 
performance prior to Kapton encapsulation.  After electrodes were encapsulated in Kapton, 
performance was investigated as a function of fabrication protocol.  Performance changes due to 
Kapton anode and Kapton cathode encapsulation were studied with a novel half-Kapton, half-
microfluidic fuel cell platform.  After fabrication of a complete all-polymer fuel cell, 
performance was investigated as a function of cell operating parameters.  By stacking ten all-
polymer LFFCs, the stack will be as thick as a traditional LFFC, but will provide almost eight 
times as much power. 
In addition, this dissertation explored electrohydrodynamic-jet (e-jet) deposition as a 
platform for high-resolution manufacturing.  While ink-jet printing typically results in printed 
spots with diameters comparable to the nozzle from which they were ejected, e-jet allows for 
much smaller sized printed droplets (<1 μm) as a result of electrostatically induced focusing that 
takes place at the tip of the ink meniscus prior to deposition.  This portion of the doctoral work is 
also two-fold: 
E-jet deposition of fuel cell catalysts was demonstrated as a technique for achieving 
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uniform catalyst distribution on microelectrodes.  Fuel cell electrodes are traditionally 
fabricated by hand-painting a catalyst ink onto a gas diffusion electrode, however electrodes 
prepared via this technique do not always have a uniform distribution of catalyst.  This is a 
concern as uneven catalyst distribution leads to lower than expected electrode performance.  
Herein, e-jet deposition of catalyst has been demonstrated in 1-D and 2-D and has been studied 
as a function of applied potential.  This deposition technique is attractive for micro fuel cells 
[23]. 
A multiple nozzle e-jet printing toolbit was fabricated and demonstrated.  E-jet has 
typically been performed using single capillaries as the fluid carrier however, printing speeds are 
rather slow and printing different inks requires syringe changes and realignment.  Scaling to a 
multinozzle e-jet printing scheme would enable higher throughput and the ability to print 
different inks simultaneously.  The toolbit developed herein consisted of three individually 
addressable nozzles, combined with a microfluidic layer for delivery of ink to each nozzle.  
Successful 1-D and 2-D printing were demonstrated with a silver ink, however printing 
frequency in 2-D patterns was not consistent. 
6.2 Future Directions 
 The studies presented in this dissertation furthered the development of manufacturing 
technologies for LFFCs as well as e-jet printing.  At this time, the following future directions can 
be identified: 
Integration with a transfer printing platform:  
 These studies show that automating the manufacture of the all-polymer cell will be important 
in developing a commercial product in the future.  Deposition of silver epoxy is currently not 
automated and results show inconsistencies in deposition thickness; this process can be 
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automated by using a transfer printing setup that has very high consistency [24].  While this 
work has shown that EP41S-1 deposition is very uniform, the transfer printing platform could 
also be used to deposit EP41S-1 as a means of integrating fabrication steps together.  The 
atmospheric plasma system is compatible with inline manufacturing processes as well.  Curing 
times of EP41S-1 are presently rather long for the production of a commercial product.  To this 
end, efforts could explore curing at elevated temperatures (i.e., in a hot press) to reduce 
fabrication time. 
Deposition of anode catalyst:  
 Initial experiments in this dissertation showed poor catalyst dispersion on metallized Kapton, 
however future efforts could explore different anode catalyst ink compositions (i.e., carbon 
nanotubes) which may support catalyst binding to metallized Kapton.  Deposition of anode 
catalyst directly onto the metallized Kapton current collector would further reduce the thickness 
of the fuel cell (by ~200 µm).  Catalyst deposition could also be facilitated with a transfer 
printing setup. 
Development of a multichannel stack: 
 Scaling and stacking of this all-polymer fuel cell will improve the cell’s viability as a power 
source for portable applications.  Initial efforts should start with scaling to a multichannel design 
with manifolds (Figure 6.1).  As shown in the design of the single-channel LFFC, considering 
pressure drops associated with the manifold will be important.  If pressure drops are too large, 
the fuel/electrolyte stream will have a propensity to find alternative pathways out of the cell.  A 
multichannel design would increase active area without increasing the dimensions of the 
currently-designed all-polymer cell.  Upon successful scaling to a multichannel design, fuel cells 
can then be stacked to further increase power output.  The power output of a stack of several 
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cells should provide sufficient power for portable applications (i.e., cell phone, camera), while 
also adhering to volume constraints. 
Long-term durability studies:  
 Results of this work have shown that the anodes and cathodes used to study Kapton cathodes 
and Kapton anodes, respectively, are very durable over the period of several months.  As the 
development of the all-polymer cell continues, studying the durability of Kapton electrodes 
individually as well as the complete cell will be critical.  The half-Kapton, half-microfluidic fuel 
cell platform can be used to study durability of individual Kapton electrodes. 
Combining structural and electrochemical analysis:  
 E-jet deposition of fuel cell catalysts shows significant possibility to produce microelectrodes 
with high uniformity.  Further efforts are needed to explore deposition in spray mode, which 
 
Figure 6.1. Schematic of a multichannel design for an all-polymer fuel cell. Scaling out with manifolds, followed 
by stacking of scaled-out cells will further improve viability for future portable power applications. 
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would reduce deposition time.  Efforts to link the e-jet catalyst deposition to micro-fuel cell 
performance would also be very valuable.  Micro-computed tomography (MicroCT) would be an 
ideal platform for linking the uniformity of this deposition technique to electrochemical 
performance in a fuel cell, as previously demonstrated by Jhong et al. [25]. 
Development of a multi-syringe e-jet platform: 
 Results from this work demonstrated e-jet deposition with a multinozzle toolbit.  The printing 
challenges associated with this work (2-D printing frequency) will be important in parallel 
efforts to develop a multi-syringe e-jet platform [26].  Future efforts to explore deposition of 
multiple inks will be valuable for many applications in electronics as well as biology. 
 Initial efforts to integrate LFFC fabrication with a transfer printing setup will be most useful 
to improving manufacturability.  At the same time, efforts can focus on scaling to a multichannel 
system and studying the durability of Kapton electrodes.  Future efforts to stack cells will be 
important to the commercial viability of the all-polymer LFFC. 
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Appendix A 
Computer-aided Design Drawings  
of Individual Polyimide Layers 
The following CAD drawings were designed with AutoCAD Inventor and the layers were 
created via laser ablation in the SCS machine shop on campus. Dimensions are in inches. 
 
Figure A.1. CAD drawing of the anode current collector. This metallized Kapton layer is 50-µm thick. 
 
Figure A.2. CAD drawing of the anode window. This Kapton layer encapsulates the anode and is 50-µm thick. 
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Figure A.3. CAD drawing of the fuel and oxidant flow channel. For the fuel channel, this Kapton layer is 125-µm 
thick and for the oxidant flow channel, the layer is 50-µm thick. 
 
Figure A.4. CAD drawing of the cathode window. This Kapton layer encapsulates the cathode and is 50-µm thick. 
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Figure A.5. CAD drawing of the anode current collector. This metallized Kapton layer is machined with a window 
for oxidant transport to the cathode and is 50-µm thick. 
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Appendix B 
Process Sheet for Silicon Multinozzle Array 
* This process sheet is reprinted with the permission of Bonjin Koo, University of Illinois at Urbana-Champaign 
 
 
Step  I – KOH etching to form the nozzle pits   
1  
  
Starting Substrate:  
Type: DSP Si wafer with 500 nm LPCVD SiN 
(about 2 hours 40 min)  
Thickness: ~ 280 µm  
Doping: N-doped 
2  
  
Top Side 1
st
 Mask Photolithography:  
Prebake @110C for 1 min  
PR: AZ4620  
    ~ 3000ml  
    use hands to handle the wafer to avoid making 
scratches  
Recipe: #3 (@3000 rpm for 30 sec)  
Softbake: 2 min @60
o
C & 2 min @110
o
C  
Exposure: 600-1100 mJ/cm
2
 (typically 800 mJ/cm
2
) 
in Flood Exposure equipment (about 38s @ 23.5 
mW/cm
2
)  
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Development: 400K (1:4) for 2 min 30 sec, 400K 
(1:10) for 45 sec, water 1 min (check under the 
scope, better to be slightly underdeveloped)  
Hard-bake: 150
o
C+ for 15 min  
    Before Hard-bake, clean the outmost ring of PR 
with Q-tip  
    Other recipe: 60
o
C for 1 min, transfer to 110
o
C 
HP, ramp to 160
o
C. When T=150
o
C,start timing for 
15 min, place on cooling block for 3 min  
SiN removal: FREON RIE (MNTL)  
    use a metallic ring to protect the SiN in the edges 
of the wafer in MNMS  
    recipe #4 (CF4) in MNTL  
3  
  
Strip PR with AZ400T stripper (120
o
C for 20-30 
min)  
Pre-dip in HF to clean Silicon surface (30-45s HF, 
1min wash/dry)  
Timed Etch: KOH etch  
  always use new solution  
  clean all KOH equip with H2O  
Concentration: 35% KOH, Temperature: ~85
o
C  
    45% KOH = 1500 ml (pour last)  
    H2O = 625 ml  
    IPA = 200 ml  
set HP temp:  
    ~ 200
o
C until liquid temp reaches 75
o
C (about 
1hr)  
    ~ 185
o
C for the rest of the process, in about 1 
hour the liquid should reach 85
o
C  
set HP Stirring to ~200 rpm,  
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Etch Rate: ~ 1.4 µm/min, Etch Depth: 230 µm, 
Floor opening width: 30 µm, Etch Time: ~ 2 hours 
44 minutes  
turn on cooling water (right most knob)  
don't forget to fill thermometer with water  
wait for the liquid to heat up to 85
o
C  
check hourly the etch rate / depth  
flat surface goes down  
make sure pattern is inside  
Post-Etch Cleaning:  
HF Dip followed by RC-1 clean (no U/S)  
RC1 recipe:  
    Prepare solution 100:10:1 (H2O:H2O2:NH4OH),  
    Set probe to 78
o
C for 30 min  
    Ultrasound bath  
   IPA→ Dry with N2    
4   
FREON RIE: To remove top-side SiN (overhang)  
If overhang is not removed then the electrode to the 
pyramid will be disconnected from the contact pads 
- Critical!!!  
 
II – SiO2/SiN etching to form the retardation 
pattern   
5  
  
RC-1 clean (no U/S)  
PECVD Oxide deposition (to enhance 
retardation)  
Thickness: 300 nm → ~50min in DRIE  
                     150~200nm → 20~30min(?)  
Bottom Side 2
nd
 Mask Photolithography:  
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Improve adhesion:  
    RIE Oxy/Plasma for 2min  
    AP8000 (do not softbake)  
PR: AZ4620  
Recipe: #3 (@3000 rpm for 30 sec)  
Softbake: 2 min @60
o
C & 5-10 min @110
o
C  
Exposure: 600-1100 mJ/cm
2
 (typically 800 mJ/cm
2
) 
in Quintel Backside Aligner (MNTL)  
    Matt: 600mJ/cm
2
;  Bonjin/Teves: 750mJ/cm
2  
Development: 400K (1:4) for 2 min 30 sec, 400K 
(1:10) for 45 sec, water 1 min  
Hard-bake: 150
o
C+ for 15 min  
   Before hard-bake, make sure there is no PR in the 
top & botton edges of the dies (this may prevent the 
alignment of the nozzles prior to printing)  
SiN/SiO2 removal: FREON RIE  
 III – ICP protection layer   
6  
  
Bottom Side 3
rd
 Mask Photolithography:  
Improve adhesion:  
    RIE Oxy/Plasma for 2min  
    AP8000  
PR: AZ4620  
Recipe: #3 (@3000 rpm for 30 sec)  
Softbake: 2 min @60
 o
C & 10 min @110
 o
C  
Exposure: 600-1100 mJ/cm
2
 (typically 800 mJ/cm
2
) 
in Quintel Backside Aligner (MNTL)  
Development: 400K (1:4) for 2 min 30 sec, 400K 
(1:10) for 45 sec, water 1 min  
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Clean PR residue:  
   RIE Oxy/Plasma for 2min  
Hard-bake: 150
o
C+ for 15 min  
7  
  
ICP-DRIE Bottom Side 1  
Recipe: 13/7 Recipe (12/8 caused sulfur deposits)  
Time: ~ 10 minutes (but scale time properly, until 
you get the desired difference in height)  
8   
RIE Bottom Side - to remove the blue retardation 
layer (SiN/SiO2 ring)  
9  
  
ICP-DRIE Bottom Side 2  
Recipe: 13/7 Recipe (12/8 caused sulfur deposits)  
Time: ~ 10 minutes (but scale time properly, until 
you get the though hole)  
 IV – Oxidation   
10  
  
Strip PR with AZ400T stripper  
RC-2 clean: (Remove Metallic contaminants)  
    we don't need to do RC-2 clean  
RC-1 clean: (Remove Organic contaminants)  
Oxidation I: Dry oxidation | 1 micron | 48 hours  
    1150 
o
C / 6L/min O2 flow  
    48hrs (1um) + 12hrs (500nm)  
   use a flat quartz plate and do the deposition twice, 
once on each side  
   it will take about an hour to cool down from 
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1150
o
C to 600
o
C  
Oxidation II: Wet oxidation | 2 micron | 13 hours  
    we don't need to use wet oxidation  
This thick layer of oxide prevents the breakdown of 
the oxide film to the substrate silicon  
 V – Electrode deposition (Top Side)  We are using deposition in theback side instead  
11  
  
Sputter: Cr/Au/Cr (17nm/1micron/17nm) w/ 
Shadow Mask  
12  
  
Top side: Fill up trough with conductive epoxy  
Caution: Make sure no epoxy leaks out of the 
bottom  
13  
  
Sputter: Cr/Au/Cr (17nm/1micron/17nm) w/ 
Shadow Mask  
 
